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PREFACE 



The volumes of the International Library of Technology are 
made up of Instruction Papers, or Sections, comprising the 
various courses of instruction for students of the International 
Correspondence Schools. The original manuscripts are pre- 
pared by persons thoroughly qualified both technically and by 
experience to write with authority, and in many cases they are 
regularly employed elsewhere in practical work as experts. 
The manuscripts are then carefully edited to make them suit- 
able for correspondence instruction. The Instruction Papers 
are written clearly and in the simplest language possible, so as 
to make them readily understood by all students. Necessary 
technical expressions are clearly explained when introduced. 

The great majority of our students wish to prepare them- 
selves for advancement in their vocations or to qualify for 
more congenial occupations. Usually they are employed and 
able to devote only a few hours a day to study. Therefore 
every effort must be made to give them practical and accurate 
information in clear and concise form and to make this infor- 
mation include all of the essentials but none of the non- 
essentials. To make the text clear, illustrations are used 
freely. These illustrations are especially made by our own 
Illustrating Department in order to adapt them fully to the 
requirements of the text. 

, In the table of contents that immediately follows are given 
the titles of the Sections included in this volume, and under 
each title are listed the main topics discussed. At the end of 
the volume will be found a complete index, so that any subject 
treated can be quickly found. 

International Textbook Company 
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DESIGN OF DIRECT-CURRENT 
MACHINES 

(PART 1) 



FEATURES OF ARMATURE DESIGN 



GENERAL REMARKS 

1. When a direct-current generator or motor is to be 
designed, the requirements nearly always give the character- 
istics of the circuit with which the machine will be connected, 
the output, and some of the chief operating characteristics, as 
efficiency and heating limits; in case of engine-type generators 
or direct-connected motors, the speed is also given. The 
designer must usually determine the general form of the machine 
and must then aim to secure a skilful balancing of many 
factors of a widely diverging nature. Electrical designing is 
thus largely a matter of selecting values, within known limits, 
that will make a safe, reliable, and economical machine with 
the specified characteristics. 

The greatest problem of the designing engineer is to produce 
good machines at low cost Good insulation of the windings 
makes for safety and reliability of operation; generous allow- 
ances for the cross-sectional areas of copper and iron reduce the 
machine losses and make for efficiency, but if these factors are 
increased tmduly, the cost of the apparatus may be prohibitive. 

The process of design as here treated is to assume trial values, 
taken from rules, tables, and curves, for some of the factors, 
carry through calculations until the probable, results may be 

copYWiaHTSO BY intkhnationai. tkxtbook company. AI.I. niaNTs hkskuvbd 
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2 DESIGN OF § 58 

determined, and then, if necessary, modify the original assump- 
tions as indicated by the information thtis secured. 

When making trial calculations, only approximate accuracy 
should be sought, as the results are used simply to make an 
intelligent selection for the final value. Fiuther calculation 
involving the final value just found in determining another 
final step in the design may be made with greater accuracy, 
although in almost every case, accuracy beyond the third 
significant figure is not essential. No definite rule can be made 
for the degree of accuracy for all design calculations. 

A density of 70,000 lines per square inch may be economical 
for one particular shape of steel magnet yoke, but it may not be 
desirable to use this density for yokes of other shapes. The 
best density to use may be determined by assimiing several 
densities, such as 65,000, 70,000, 75,000, and 80,000 lines per 
square inch and calculating the size and weight of the yokes 
and of the corresponding field coils. The density that is finally 
selected is the one that seems to give the best results at least 
cost. 

This process of calculating with values either side of the 
first trial value involves a considerable amount of mathematical 
work, but the resulting design will probably be economically 
correct. An economically correct design does not become 
obsolete, because it is only when the same or better results can 
be obtained at a lower cost that designs are superseded. The 
mathematical work is usually done with the aid of a slide rule, 
which is a simple form of calculating device and which gives 
results close enough for practical purposes. 

In order to assist reference to final values in the following 
design problems, the more important of these are printed in 
Italics. 

DEVELOPMENT OF ARMATURE-DESIGN FORMULAS 

2« Electromotive Force. — ^An electromotive force of 
1 volt is generated in a conductor when it is cutting magnetic 
lines at the rate of one himdred million per second. From this 
fact the fimdamental design formulas for direct-current gener- 
ators and motors are deduced. 
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§ 58 DIRECT-CURRENT MACHINES 3 

For any direct-current, closed-coil armature winding, let 
p = number of poles on the field-magnet frame ; 
^=flux entering or leaving the portion of the armature core 

adjacent to each pole piece; 
S= number of revolutions per minute of the armature; 
/= number of face conductors on the armature; 
w= number of paths, or circuits, through the winding. 

Each face conductor will cut p lines in a single revolution, 

or lines in one second. The average voltage developed 

by each face conductor will be ^ 



60X10* 

In a dosed-coil armature, the arrangement of the conductor 
is such as to form m paths, or routes, in parallel from one set of 
brushes through the winding to a set of brushes of opposite 
polarity. The value of m may be 2, 4, 6, or other multiple of 2. 
Each of the paths has substantially the same nimiber of 
conductors in series along it; hence, the average niunber of 

face conductors in series per path will be — . The voltage Ei 

m 

developed along each path, and, therefore, the internal voltage 

developed by the armature, will be Ei^— X- ; or, 

60X10® m 

£^_ P0JS 
60X10»Xw 
This equation is applicable to all types of closed-coil armature 
windings. For open-coil armature windings, the average num- 
ber of face conductors in series may be substituted for - . 

m 

3. Power Develoi>ed Wltlitn tlie Armature. — The 

power developed within an armatiu^, expressed in watts, is the 
product of its internal electromotive force and current. If / 
represents the total current either entering or leaving an anna-, 
ture having m paths in parallel, the current per conductor will 

be t = — , or the total current will be /=mt. The total electrical 
m 
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4 DESIGN OF § 58 

power, in watts, developed within the armature winding will be 

Pi=EiXl^ ^^^^ Xmi; or 
60X10»Xm 

p.^PJ^.XfiX^ (1) 

108 60 

The quantity p 0is the product of the magnetic flux per pole 
and the number of poles aroimd the armature and may be 
called the total magnetic flux of the machine. The quantity /t 
is the product of the number of face conductors and the current 
in each and may be called the total armature ampere-conductors. 

The speed of rotation of the armature, expressed in revolutions 

5 
per second, will be — . Equation 1 may, therefore, be written 

r. Total flux X total amp .-cond. X rev. per sec. .^. 

ri = \^) 

4. It is convenient, for purpose of analysis and design, to 
measure the total magnetic flux and the total ampere-conduc- 
tors of an armature in units of the dimensions of the armature 
core. Thus, 
Let d= diameter of armature core, in inches; 
Z= length of armatiu-e core, in inches; 
%=per cent, of armature core surface covered by main 

pole faces; 
B = average magnetic density in air gap. 

Then, the total area of the cylindrical surface of the armature 
core will be t d /; the surface of the armatiu-e core covered by 
the main poles will he% wdl; and the total flux will be 
p0=%irdlB (1) 

The total ampere-conductors Ji may be divided by the 
circumference of the armature core, in inches, and the quotient 
will be the ampere-conductors per inch of circtunference, which 
may be represented by K and called an electric unit of activity. 
Then, fi=TrdK\ or 

K^J± (2) 



TT 
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§ 58 DIRECT-CURRENT MACHINES 5 

By substituting these values ior p and ft in formula 1, 
Art. 3, 

10» 60 

The electrical power developed within the armature is now 
expressed in terms of the spread of the poles, of the dimensions 
of the core, of a unit of magnetic density, of an electrical unit 
of activity, and of the speed. Since the electromotive force, 
current, number of poles, number of face conductors, and 
number of paths do not directly enter the equation, the output 
of an armature, measured in watts, may be calculated inde- 
pendently of the variations of these quantities. 

5. Conversion of Mechanical Into Electrical Energy. 

The internal voltage Ei and the internal power Pi of the 
armature have been considered in the preceding formtdas. 
The output of a generator, measured at its terminals, is less 
than the internal electrical power because of internal electrical 
losses; likewise, the output of a motor, measured at its pulley, is 
less than the internal mechanical power, because of the internal 
mechanical losses. 

A generator is usually self-excited; therefore, part of the elec- 
trical energy generated is required to energize the field coils and 
maintain the magnetic flux. If the field windings are coimected 
in series with the armature, such as commutating-pole windings 
and series-field windings, the terminal electromotive force will 
be less than the internal electromotive force by the sum of the 
drops of potential in the armature winding, the brushes, the 
commutator, and in the series-connected field windings. If 
there is also a shimt-field winding, the external load current 
will be less than the armature current by the value of the 
current diverted through the shtmt-field circuit. 

The electrical energy supplied to a motor must not only 
cause it to deliver its rated horsepower at the pulley or shaft, 
but must also maintain the armature in rotation against the 
friction of the bearings, the windage friction, the brush friction 
on the commutator, and against the iron losses in the armatiuie 
core. 
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6 DESIGN OF § 58 

The power required for friction, windage, and core losses in 
a generator is supplied by the source of mechanical energy 
before the conversion of mechanical into electrical energy. In 
the case of a motor, the current required for exciting the field 
magnets and the electromotive force for maintaining the main 
currents through the commutator and windings are supplied 
by the source of electrical energy before the conversion of elec- 
trical into mechanical energy. Thus, there are Josses in both 
generators and motors not only before but after conversion. 
The conversion of mechanical into electrical energy or electrical 
into mechanical energy does not in itself involve any loss. 

In a generator, the mechanical losses occur before the con- 
version and the electrical losses afterwards; therefore, the 
internal power converted is the sum of the output and the 
electrical losses. 

In a motor, the electrical losses occur before conversion and 
the mechanical losses afterwards; hence, the internal power 
of a motor is the sum of the output and the mechanical losses. 

6. Efficiency. — The efficiency of a generator or motor is 
usually expressed in percentage, and is the ratio of the power 
output to the power input. The power input is the siun of the 
power output and the losses. If U represents the total effi- 
ciency; P, the power output; P«, the power lost electrically; 
and Pmy the power lost mechanically, the last three values 
being expressed in watts, then, 

p 
f7 = (1) 

Since there are both electrical and mechanical losses, the 
efficiency may be divided and expressed as the mechanical 
efficiency, and the electrical efficiency. In a generator, the 
power converted from mechanical into electrical power is the 
output plus the electrical losses, and this may be considered 
the mechanical- output; that is, P+P^. The mechanical 
efficiency of a generator will then be 
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§ 58 DIRECT-CURRENT MACHINES 7 

The electrical efficiency of a generator will be 

f/*=-^ (3) 

P+P. 

The total efficiency, also called the commercial efficiency, or, 

P+P 
simply, the efficiency, will be f/= f/mX !/•= — ^ 



P+P. P+P.+ Pn. 

7. If there are no data to the contrary, the electrical and 
mechanical effidencies may be considered as equal and each 
may be taken as equal to the square root of the total efficiency f/, 
expressed as a decimal. The poWer converted from mechanical 
to electrical power in a generator may be taken asP»= P+P« 

P 

P» = -=, approximately 

In the case of a motor, the mechanical efficiency will be 

P P+P 

Um= , and the electrical efficiency f/,^- "* 



P+P^ P+Pn.+P. 

The electrical power converted into mechanical power in a 

P P 

motor will be Pi=P+P^- — -, or Pi^—==^, approximately. 

This value of P» should be used in formula 3, Art. 4, for 
generator- or motor-design problems. 

8. The efficiencies of generators and motors vary with the 
output. In machines of the same output, usually those of 
higher speed will be most efficient. Machines developing 
higher electromotive forces will have relatively smaller currents 
to commutate, hence the commutator losses will be smaller 
and the efficiency will be slightly higher. Low- speed machines 
will usually have low mechanical losses and relatively higher 
electrical losses, whereas in high-speed machines the mechan- 
ical losses may exceed the electrical. A tabulation of the 
efficiencies of generators and motors would probably be more 
misleading than helpful, but for the purpose of obtaining the 
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value of Pi, Table I may be considered as applying to moderate- 
speed belted machines operating in connection with circuits 
having voltages ranging from 230 to 250. The ratings of the 
motors in horsepower or of the generators in kilowatts are 
indicated in the first column. 

TABLE I 
MACHINE EFFICIENCIES 



Horsepower 

or 
ICilowatts 


Efficiency 
Per Cent. 


Horsepower 

or 

Kilowatts 


Efficiency 
Per Cent. 


i 

I 

3 

lO 


50 to 6o 
76 to 82 
81 to 85 
86 to 88 


25 

50 

100 

300 and up 


88 to 90. 

89 to 91. 

90 to 91.5 

91 to 93. 



SELECTION OP ARMATURE DESIGN VALUES 

9. Percentage of Armatui^ Surface Covered by 
Poles. — ^The following instruction relates to the range of 
values, for the terms used in the design formulas. 

The percentage of the armature surface covered by main 
poles, designated by the symbol %, should be as large as is 
practicable, because the larger the area of the pole faces, the 
greater the flux for a given density, or the less the density for 
a given flux. To provide for commutation a space must be 
left between adjacent poles. This, space also serves to Umit 
to a reasonable value the flux leaking from pole tip to pole tip 
either between main poles or between main poles and commu- 
tating poles. 

The value of % usually ranges from 50 per cent, to 80 per 
cent., depending chiefly on the pole pitch, measured at the 
armature circumference. The values in Table II may be 
considered reasonable. 

10. Density In the Air Gap. — ^The density B in the air 
gap between the pole faces and the armature core ranges from 



Digitized by 



Google 



§58 



DIRECT-CURRENT MACHINES 



9 



25,000 to 75,000 lines per square inch, depending on the size 
of the machine, the material in the pole faces, and the resulting 
density in the armature teeth. The density B can be higher 
in large machines than in small ones. It cannot economically 
be over 35,000 lines per square inch with cast-iron pole faces, 
while with cast steel or laminated iron pole faces so much of 
the metal in the armature is cut away by the slots that the 
tooth densities will usually be as high as is practicable when B 
is from 50,000 to 70,000 lines per square inch. 

Consideration of the air-gap density is useful in the first 
approximate calculations, but a more important consideration 



TABLE n 
PORTION OF ARMATURE SURFACE COVERED BY MAIN POLES 



Pole Pitch, in Inches, 
Center to Center 


Polar Span 


Distance Between 
Adjacent Main Poles, 
Measured at the Arma- 
ture Circumference 


With Commutating 

Poles 

Per Cent. 


Without Commutating 

Poles 

Per Cent. 


3 
5 
7 
9 

12 

15 and above 


50 to 60 
55 to 65 
60 to 68 
65 to 72 
68 to 75 


50 to 60 
55 to 65 
60 to 70 
65 to 75 
68 to 78 
70 to 80 



in the further development of a design problem is the density 
in the teeth. A very considerable expenditure of ampere-turns 
is necessary when the density in the teeth exceeds a value that 
may be from 120,000 to 140,000 lines, depending on the steel 
used. It is necessary to so proportion the different cross- 
sections of the magnetic circuit that the expenditure of ampere- 
turns to maintain the flux is reasonable for the size of the 
machine. High densities are allowable and economical on 
larger machines, whereas lower densities are necessary on 
small ones. 
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!!• Ampere-Conductors and I^R Losses. — ^The value 
of the ampere-conductors per inch of circumference of the 
armature core is restricted by the room available for the arma- 
ture slots. If the room is restricted, the number of amperes 
will depend on the allowable heating of the conductors by the 
current. 

The losses in an armature are the core losses and the PR losses 
in the conductors. In machines of low speed, the core losses 
are low and the PR losses constitute the principal heating 
factor. In higher-speed machines, the increased cooling effect 
of the armature by the faster rotation is sufficient not oiJy to 
dissipate heat occasioned by the increased core losses, but also 
to dissipate additional PR losses, thus allowing the armature 
windings to conduct safely a larger current. The armature 
heating may, therefore, be estimated as based on the PR loss 
only, provided data on this heating is observed and tabulated 
without including the core losses. The conductors are dis- 
tributed aroimd the armature circumference, and it is conve- 
nient to reduce the PR loss to the watts per square inch of 
cylindrical surface. 

12. Ordinary generators and motors are guaranteed by 
their makers to operate continuously without exceeding 35** C, 
40° C, or 50° C. rise above a room temperature of 25° C. In 
operation, the copper conductors in a machine will be at a 
temperature of from 60° C. to 75° C. 

The resistance of a copper wire of uniform cross-section at 
a temperatiure of 25° C. may be computed from the formtda 

/?= — '- — , in which 10.8 ohms is taken as the 

area in drcular mils 

resistance of a mil-foot of copper wire at 25° C. If the wire 

has a temperature of 60° C, the value 12 ohms should be used 

as the resistance of a mil-foot of copper wire, and the formula 

becomes j;^ 12Xlength. in feet^ ^^ 

area in circular mils 

o length, in inches 



area in circular mils 
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13. In Fig. 1 is shown a portion of an armature core indi- 
cating four slots and the conductors therein. The conductors 
per square inch of the surface of the armature core are to be 
considered. Let the number of ampere-conductors per inch of 
circumference be represented by K, Consider that the average 
number of conductors 
under one inch of cir- 
cumference are placed 
in one stranded cable, 
each strand conductor 
being of the same size 
and carrying the same 
current as a slot con- 
ductor. The cable 
will, therefore, carry a 
total current of K am- 
peres, that is, one large 
conductor XK am- 
peres gives the same 
number of ampere- 
conductors as the product of any niunber of conductors and 
of any value of current that gives as a result the niunerical 
value of K. If the current in each strand is i amperes, the 

K 




Fig. 1 



number of strands in the cable will be 



If the sectional area 



of each strand is a circular mils, the circular mils per ampere 

will be -, and the total area of — strands will be — a, or K -, 
i i i i 

According to the formula of Art. 12, the warm resistance of 
1 inch of length of this cable will be i?= . As this length 

i 

of cable covers 1 inch each way on the armature stuface, the 

heating loss per square inch of cylindrical surface of the arma- 

1 K 
ture core with K amperes will be K^X — =— , or 

i i 
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^2 D 1 • I. ampere-conductors per inch 

PR loss per square inch = - — 

circular mils per amp. 

14, In Fig. 2 are shown curves indicating the rise in temper- 
ature of an armature core at various peripheral speeds in which 
the PR loss in the armattu^ conductors is 1 watt for every 
square inch of cylindrical surface. The rise in temperature for 
other values of loss per square inch is proportional to these losses. 

By well-ventilated armatures is meant those having air 
spaces, or vents, f or J inch wide and spaced not over 3 inches 
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Pig. 2 

apart on the axial length of the core. Poorly ventilated and 
unventilated armatures have fewer ventilating spaces or perhaps 
none at all. 

The rise in temperature represents the difference in readings 
between a thermometer placed in the room a few feet from the 
machine and one placed on the surface of the armature core 
at the finish of a 6- to a 10-hour run imder full-load conditions. 

Example. — A well- ventilated armature core is \\\ inches in diameter 
and is rotated at the rate of 400 revolutions per minute. What is the 
least number of circular mils per ampere that should be provided for the 
armature conductors if there are 450 ampere-conductors per inch and 
the temperature rise is not to exceed 40° C? 
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Solution. — The peripheral speed is 



11.5X3.1416X 400 
12 . 



= 1,200 ft. per 



min., approx. The lower curve, Fig. 2, indicates that for this speed and 

1 watt per sq. in., the rise in temperature is 34** C. above that of the room. 

For 40° C. rise, the number of watts per square inch can be H. Then, 

40 450 a 34 

by the formula of Art. 13, in which K — 450, — = — , and t = 450X — 

34 a t 40 



=383, cir. mils per amp., at least. Ans. 

15. In machines not equipped with commutating poles, 
the ampere-conductors per inch of armature circumference are 
restricted not only by the allowable heating, but by commu- 




e 12 le 20 24 28 32 39 40 44 48 

JHtxmeter ofArmatttre inJnches 

Pig. 3 

tation. If the value of the ampere-conductors per inch is too 
high, fluxes will be established in the neutral spaces that will 
cause appreciable electromotive forces in the coils imdergoing 
commutation. 

The curves in Fig. 3 show the relation between the diameter 
of the armature and the ampere-conductors per inch of circum- 
ference and relate to open machines under continuous operation. 
These values may be slightly exceeded if the ventilation is very 
good or when the service is of an intermittent character. 

16« Peripheral Sx>eedd. — The designer can use some 
discretion in determining the speed of belted generators and 
motors. But belt speeds exceeding about 5,000 feet per 
minute on pulleys 15 inches or more in diameter are not good 
practice, nor should the speed be much below 4,000 feet per 
minute. Moreover, the peripheral velocity of the armatiu'e 
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cannot be made much over 5,000 feet per minute, because <^ 
high centrifugal ^tresses, nor can the commutator surface be 
run at much over 4,500 feet per minute, because of the diflSculty 
of keeping the brushes in good contact. The latter diflSculty 
is more serious in the case of commutators of small diameter 
than in thecaseof those of large diameter and also more difiScult 
in the case of long commutators than in the case of short ones. 
Generators for direct connection to steam turbines sometimes 
operate at armattue peripheral speeds of 8.000 to 10,000 feet 
and at commutator speeds up to 6,000 or 7,000 feet per minute. 
Machines of such high speeds are specially constructed mechan- 
ically to withstand the stresses, and the brush rigging is usually 
most carefully designed. Notwithstanding all this careful 
construction, machines of these extreme speeds are difi5cult to 
operate successfully and, therefore, may be considered as 
exceptional. 

17* Dimensions of Armature Core. — In formula 3 of 
Art. 4, the values of all the quantities except d and / are known 
or can be assumed. The formula can be transformed thus: 

^^^ 6oxiyp .> 

% T* S ATS 

The expression cPl is often called the cylindrical inches of the 

armature core. When its 
value is known, the values 
of d and / can be deter- 
mined so that their rela- 
tion will be within the 
approximate limits indi- 
cated in Table III. 

The armature core is 
rarely made longer than 
20 inches in any case, 
because it becomes more 
difficult to secure satis- 
factory ventilation and 

also because the voltage developed by a single turn consisting 

of two face conductors may be excessive. 



TABLE in 

RELATIVE DIMENSIONS OF ARMA- 

TUBE CORE 



Number of 
Poles 


Armature Length ^/ 
Armature Diameter d 


2 


.50 to 1. 00 


4 


.40 to .70 


6 


.30 to .55 . 


8 


.25 to .40 


lO 


.20 to .30 
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18. Total Flux and Total Ampere-Conductors. — ^The 
quantities K and B in formtda 3, Art. 4, cannot be selected 
without regard to their relative values, because of the limiting 
conditions relating to slot room and density at the roots of the 
armature teeth that affect both values. If the total flux p 0, 
formula 1, Art. 4, be divided by the ampere-conductor / 1, the 
quotient should come within the limits 500 and 2,500. In 
other words, the magnetic flux for each ampere-conductor, or, 
as it may be expressed, per circumferential ampere, should be 
from 500 to 2,500 magnetic lines. Machines having 500 lines 
per circumferential ampere would be considered low-flux, or high 
armature-reaction, machines; while those having 2,500 lines per 
circumferential ampere would be considered high-flux, or low 
armature-reaction, machines. 

19. The cost of the material entering into the make-up of 
a motor or generator is influenced by the magnetic flux per 
circumferential ampere. A high-flux design, other things being 
equal, should have a larger part of its material cost expended 
for the magnetic circuit than would be required for a low-flux 
design. A high-flux design really implies greater cross-sections 
for the magnetic circuit, and if these circuits are equally long 
in the two designs, the high-flux design would require greater 
cost for magnetic material. It sometimes happens, however, 
that a short magnetic circuit may be arranged for a high-flux 
design, thus keeping down the cost of magnetic material. 
Conversely, with a low flux and high armature reaction there 
is implied an increased cost for copper in the electric circuits of 
the windings. 

It is the duty of the designer to so proportion the flux and 
the armature reaction to the particular magnetic and electric 
circuits selected as to obtain the lowest possible total cost, for 
the materials and labor required to produce a motor or generator 
having a given output. A high-flux machine in combination 
with a long magnetic circuit should be avoided, and a high 
armatiu^reaction machine should not be so proportioned as to 
require a long length of turn for the coils on its armature or on 
its field coils. 
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20. The cross-section of the armature teeth for a high-fltix 
machine should be considerably larger than that for a low-fltix 
design. To obtain a larger cross-section, either the diameter 
or the length of the core may be increased, the cylindrical 
inches, (PI, remaining constant. Fig. 4 (a) shows a short 
core and (b) a loilg core oC smaller diameter. The tooth in (a) 
is larger than the slot, while the root of the tooth in (6) is about 
the same size as the slot. The arrangement shown in (6) 
permits the use of more ampere-conductors per inch than that 




(a) 



(h) 



Fig. 4 



indicated in (a), but does not permit of as high an average 
air-gap density with the same saturation at the roots of the 
teeth. 

In design problems it is necessary that the various quantities 
be relatively satisfactory. Any quantities assumed or selected 
from tables or curves in the following examples are considered 
as trial asstunptions by means of which calculations may pro- 
ceed and the relative fitness of the assumed quantities are later 
deter^nined. As the designs progress and more information is 
developed, the original assumptions may be found to need 
correction. 
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ARMATURE DESIGN PROBLEMS 



AHMATURE FOR A 6-HORSEPOWER MOTOR 

21. The following design problem relates to an annature 
for a 5'horse-power, shunt-wound motor to be directly connected 
to a machine operating at 200 revolutions per minute. Elec- 
trical energy is supplied from a 115-volt circuit. After carry- 
ing full load until the temperatures are constant, the maximum 
temperature rise in the armature must not exceed 40** C. 

22. Referring to Table I, an efl&dency of 85 per cent, at 

full load may be selected. The electrical power converted into 

5X746 
mechanical power Pi, formula of Art. 7, will be — p=r- =4,050 

V.85 

watts, approximately. 

The speed of the motor is low and the short-circuited cur- 
rents during commutation should not be serious, hence commu- 
tating poles will not be required. A reasonable value for the 
percentage of armature surface covered by the main poles is 70. 

A trial value of 10 inches for the diameter of the armattire is 
taken, and the ampere-conductors per inch, as indicated by 
Fig. 3, is 300, approximately. For trial, the average air-gap 
density may be taken as about 40,000 lines per square inch. 

28. Substituting values in the formtda of Art. 17 and 

1 • ^u ^- ^7 60X10«X4,050 , _- 

solvmg the equation, (P I— = 1,465. 

.7X9.87X40,000X300X200 

1 465 
If d were 10 inches, I would have to be — — = 14.65 inches, 

which would be much too long for an armature having so small 
a diameter. If d were 13 inches, I would be 8.7 inches; if 
14 inches, / would be 7.5 inches; and if 15 inches, / would be 
6.5 inches. This machine is too large to have only two poles; 

283-3 
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either four or six will be better. The diameter of the armature 

should be rather greater for a six-pole machine than for one 

having four poles. From 12J inches to 13 inches would be a 

good diameter for a four-pole design; whereas, if six poles are 

used, 14 or 15 inches would be preferable. Let it be assumed 

that six poles and a diameter of 14 inches are decided upon. 

The curve, Fig. 3, indicates a value of 350 ampere-conductors 

per inch for a 14-inch armature. The pole pitch, or the distance 

from center to center of poles, measured on the armature 

irXl4 
circumference, is =7.33 inches. From Table II, a value 

6 
of 70 per cent, of the pole pitch for the polar span, or spread, is 
shown to be reasonable. 

24. The watts converted into mechanical power are about 
4,050, and the line voltage is 115. The internal voltage devel- 
oped by the armature conductors is less than 115 volts by the 
amoimt of the / R drop necessary to maintain the current 
through the armature and brush resistances. The internal 
voltage may be taken roughly as the line voltage times the 
square root of the assumed efficiency, or Ei^llbX'^^ — ll^ 
X .922 = 106 volts. This value will be used as a trial value, to 
be modified later if necessary. 

The trial value of the armature current will then be -^ — 

106 

=38.2 amperes, approximately. When the current per path 

does not exceed 200 or 300 amperes, a series-, or two-path, 

armattire winding is usually employed. In this design problem, 

a series winding is used and the trial value of the current per 

path will be about 19.1 amperes. 

26. The peripheral velocity of the armattu^ is 

= 733 feet per minute. 

With this velocity and a radiation allowance of 1 watt per 
square inch of armature surface, the lower curve of Fig. 2 
indicates a rise in temperature of 43® C. For 40® C. rise, the 
loss per square inch shotdd be ^ watt. By the formtda of 
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Art. 13, — = , or the circular mils per ampere -=350X-- 



=376. For 19.1 amperes per conductor at 376 circular mils 
per ampere, the conductor should have a cross-sectional area 
of 7,180 circular mils, approximately. The next larger standard 
wire is No, 11 B. &S., having an area in circular mils of 8,234; 
and this wire will be selected.* 

26. The product of the number of ampere-conductors per 
inch, 350, and the circumference in inches, 14 t, gives the total 
number of ampere-conductors, and this number divided by the 
amperes per conductor, 19.1, gives the number of conductors, or 
350X14 T 



19.1 



= 806, which is equivalent to 403 turns. 



The number of slots in the neutral space between poles 
should not be less than three and preferably should be four or 
five. Three slots will be selected for trial calculations. 

The poles cover 70 per cent, of the armature core, and the 
neutral spaces 30 per cent. With three slots in a neutral space. 




*~SAat C*ll .025" ThM 
*-Tapmf .015" Thick 
\--2 Wires X .lOt'MmmwNr m^Oi" 
^ —.025" S^mrmtw 

' -.^(?^V 2 XJt/s"" ,232" 
^,Z3z"i-2X,025''l',009 OtortncM '^295' 

Fig. 5 

there would be ^^X3 = 10 slots in the space between the 
centers of adjacent poles. Since there are six poles, the arma- 
ture should have not less than 10X6=60 slots. If 806 con- 
ductors and 60 slots are used there would not be a whole 
number of conductors per slot, as Vcf = 13.4. The trial arrange- 
ment will be twelve conductors per slot and sixty-seven slots, 
making a total of 804 conductors or 402 turns. The winding 
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will be in two layers having six cx)nductors in the top and six in 
the bottom of each slot. 

27. The dimensions of a slot and of the sides of the two 
coils placed within it are indicated in Fig. 5. The outside 
diameter of a No. 11 B. & S. double-cotton covered conductor 
is .101 inch. There are six conductors in each side of each coil 
and they are bound together by half-lapped tape wound to a 
thickness of .015 inch on each side of the coil. The slot cell 
has a wall thickness of .025 inch, and a separator .025 inch 
thick is placed between the two coils. A wcyxien wedge 
.134 inch thick is used to keep the coils in place. The main 
dimensions of the slot are £85 inch wide by .85 inch deep. 

28. The formtda of Art. 2 may be modified to read: p 
60X10»J5:,m 



Sf 



Substituting known values in the second 



i™ f ^u ^^ ^/fk 60X10«X106X2 ^niAAAA 
member of the equation, p 0= = 7,910,000 

200X804 
lines, trial value of total flux. 

This is a small machine and it would be inadvisable to use 
excessive tooth densities because high field excitation would then 
be required. A reasonable value of tooth root density is 
125,000 lines per square inch. Since only 70 per cent, of the 
armature will be covered by poles, 70 per cent, of the tooth 
roots must carry a flux of 7,910,000 lines, hence the trial value 

of the area of all tooth roots will be — '- '- =90.4 square 

125,000X.70 

inches 

The armature slots are .85 inch deep and the armatiu^ 
diameter is 14 inches, hence the diameter at the roots of the 
teeth will be 14— 2 X. 85 = 12.3 inches and the circiunference 
at the roots, 12.3X3.1416=38.642 inches. 

The sixty-seven slots occupy 67 X. 285 =19.095 inches of 
space, leaving 38.642—19.095=19.547 inches of space for the 
sum of all the tooth roots. The net length of steel in the 

904 

armature will be ' =4.62 inches. 
19.547 
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29. Ordinary armature punchings are made of sheet steel 
.014 to .026 inch thick; the thinner ptmchings are preferred 
for magnetic frequencies of forty cycles per second or over. 
Each punching has on its surface a small amount of scale and 
some japan or enamel to instdate it from its neighbors. For 
this reason the net length of steel in the armattire core is only 
from 86 per cent, to 90 per cent, of the length of stacked 
punchings. 

The magnetic frequency, in cycles per second, is equal to the 
product of the ntimber of pairs of poles (one north and one 
south) and the speed in revolutions per second. In the case 
of a six-pole motor running 200 revolutions per minute, the 
magnetic frequency is fX^^=10 cycles. As this is much 
below forty cycles, steel .026 inch thick will be used and 90 per 
cent, of the punchings will be considered as net steel. 

If the calculated length of the steel is 4.62 inches, the total 

4 62- 
length of punchings is -^—'=6.13 inches. As this armature 

was assumed to be well ventilated, one air-vent plate J inch 
thick should be included in the middle of the core. This 
makes the total length of the core 6.13+.376 = 5.606, or 
5J inches. 

30. The armature coils should have a spread, or pitch, as 
nearly that of the poles as possible. If six poles cover sixty- 
seven slots, one pole will have a pitch of 11^ slots, and the coils 
should, therefore, spread over eleven slots. The mean diameter 
of the armature windings, that is, the average diameter between 

14+12 3 

the top and bottom of the coils, will be about '— 

2 

= 13 inches, approximately. The spread of the coils, measured 

along the cylindrical surface of the winding, will be 13 t 

^,11 slots ^ -- . , 

X =6.71 mches. 

67 slots 

Since the end connections are diagonal to the spread, the 

length of either the front or the rear end connections may be 

taken approximately 26 per cent, greater than the cylindrical 

spread of 6.71 inches, or 6.71 Xl.25 = 8.4 inches for one end 
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connection and 16.8 inches for both. The armature core is 
5J inches long, but to insulate the coils properly they must 
extend straight out beyond the core from J inch to 1 inch 
at each end of the coU. In this case an allowance of f inch 
will be made. The straight side of each coil will be 5i+2 
X f = 6} inches, and for both sides of the coU Gf X 2 = 13i 
inches. The mean length of an armature turn will be 16.8 
+ 13.5=30.3 inches. 

31. The resistance of the windings on the armatiu^ may 
be calculated by a modification of the formula of Art. 12. 
The resistance of one turn having a mean length of / inches and 
formed of a conductor having a cross-sectional area of a circular 

mils will be equal to -. There are m paths in parallel in the 
a 

armature circuit; therefore, the equivalent cross-sectional area 

of the conductor from brush to brush will be a m. There are 

n turns on the armature core, but as there are m parallel paths 

for the current, the number of turns in series in each path will 

be — , and the length in inches of the conductor in one path 
m 

/ n 
will be — . At 1 ohm per circular-mil inch, the hot resistance- 
m 

of the armature windings between brushes will be 

In 

P_ m _ / n 

am am* 

Substituting values and solving the equation, 

i? = A0lX^..37ohm 
8,234X2X2 

82. The value of the armatiu^ current can now be esti- 
mated more closely. This motor will have shimt-woimd field 
coils only, therefore the armature resistance and brush-contact 
resistance are those affecting the current in the armature 
circuit. A brush drop of 2J volts may be taken as an average 
value for carbon brushes. The voltage impressed on the 
armatxu'e windings may now be taken as 115— 2J = 112J volts. 
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This impressed voltage will establish a current / through the 
winding against the generated internal voltage Ei and the 
resistance R. There will be 4,050 watts for conversion into 
mechanical power; therefore, the following equations may 
be formed: 

Ei+R I --112^ 

and Ei 7=4,050, or £<=^^ 



In this case, /? = .37 ohm, therefore, by substituting values 

4 050 
for Ei and /?, the equation — |-.37/=112i is formed. 

Then, multiplying both members by /, 4,050+.37/X/ 

= 112.5 7, or (112.5-. 37 i 

expressed as a formula, is 



= 112.5/,or(112.5-.37/) 7=4,050, or /= — ^^ . This, 

112.5-.37 7 



/=._Zl_ (1) 

Ec-RI 

where £c= voltage impressed on the armature windings, which 
will equal line voltage minus brush drop; 
i?= resistance of armature; 
P<= power converted in the motor (Art. 7). 

The value of 7 may be determined by the trial method. The 
value .37 7, which is the drop in voltage in the windings, is 
small compared to 112.5; therefore, 7 is equal, approximately, 

to — , or 36. Substituting this trial value of 7 = 36 and other 

112.5 

known values in the right-hand member of formula 1 and solving 

4 050 

the equation, 7= *- =40.83. When the correct 

112.5-. 37X36 

value of 7 is found, its substitution in the right-hand member of 
the formula should result in the calculated value of 7 being the 
same as the trial value employed. In this case it does not. 
Therefore, 40.83 is used as a new trial value of 7 in the right- 
hand member, or '- =41.58. 

112.5-. 37X40.83 
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Using 41.58 as a trial value, the result is 41.7; using 41.7, the 
result IS 41.72; using 41.72, the result is 41.727; using 41.727, 
the result is 41.727. The new value of / will be taken as 41.73 
amperes. 

The following formtda may also be used for determining the 
value of/: 

• I^^^ Ui^fZl} (2) 

2R \\2R) R 

Substituting values, /^il?:^ - // n2:5 V_4^^^^ ^3 

2X.37 \\2X.37/ .37 
amperes, which is the same as determined by the trial method. ' 

The current per path in the armature winding will be 41.73 
-5-2=20.9 amperes, and the generated internal voltage wiU be 
£:<=4,050-T-41.73=97 volts. 

33. It was assumed in Arts. 23 and 24 that there would 
be 350 ampere-conductors per inch with a current of 
19.1 amperes per path. The new value of 20.9 amperes per 
path is 9 per cent, higher than the former value. If the value 
of 350 ampere-conductors per inch is to be retained and the 
new trial value is 20.9 amperes per path, the number of con- 
ductors should be reduced by 9 per cent. This can be done, 
with approximate accuracy, by reducing the number of slots 
from 67 to 62, kefeping the size of the armature conductor, the 
size of the slot, and the number of conductors per slot the same. 
The number of conductors will now be 12 X 62 = 7^. conductors, 
the turns being 372 and the new trial value of ampere-conductors 

744X20 9 

per inch being — = 353, which differs but little from the 

14 V 

value 350. 

34. The change in design reduces the armature resistance 
9 per cent., or from .37 ohm to .37- (.37X .09) = .34 ohm. The 
new value of the internal voltage may be determined by trial. 
Assume an internal voltage of 98.5 volts. Dividing 4,050 watts 
by 98.5 volts gives 41.12 amperes, and 41.12 amperes multi- 
plied by .34 ohm gives a drop of 14 volts, which, added to 
98.5 volts, gives 112^ volts impressed on the windings. This 
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value of 98.5 checks, but if it had not, other trial values could 
be taken. 

35. The new value of the total flux may be determined by 
substituting known values in a modification of the formula 

00X10^ Eifn 



of Art 2f and solving the equation. Then p 0=- 
60X10^X98.5X2 



SJ 



200X744 



= 7,940,000 lines, approximately. 



7 040 000 
The flux per pole wiU be ^^^2!^^^^^= 1,323,000 lines. This 

6 

flux enters the armature core near a north pole, passes through 
the teeth in two paths, 
as indicated in Fig. 6, 
and leaves the core 
near the adjacent 
south poles. There 
will be 1,323,000-^2 
= 662,000 lines, ap- 
proximately, in each 
path. 

A reasonable value 
for the density in the 
inner armature core is 
75,000 lines per square 
inch. At this density, the cross-sectional area of steel in the 

flux path in the inner core must be — ' - = 8.83 square inches. 

75,000 

The net length of steel parallel to the shaft was calculated as 

8 83 
4.62 inches: therefore, the dimension a. Fig. 6, will be -^ — =1.9 

4.62 

inches. The diameter of the armature at the roots was calcu- 
lated to be 12.3 inches; deducting twice the dimension a. Fig. 6, 
gives 12.3 — (2X1.9) =8J inches, as the inner diameter 6, Fig. 6. 
of the pimchings. 

36. The core losses may be estimated if the volume of 
steel in the inner armatiure core, that in the teeth, and the 




Fig. 6 
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densities in these parts are known. To obtain the densities, it 
is best to estimate the areas of the sections through which the 
total fltix ^ passes. Dimension a, Fig. 6, is 1.9 inches, and 
the net length of steel parallel to the shaft is 4.62 inches. Half 
of the flux from one pole passes through this cross-sectional 
area of 1.9X4.62; therefore, since there are six poles, the area 
for the total flux will be 1.9X4.62X12 = i05 square inches. 

The magnetic densities in the teeth vary from moderate 
values at the tops to fairly high values at the roots. It is 
best to estimate the areas at both tops and roots and use the 
average value of density for estimating core losses. The cir- 
cumference at the top of the teeth will be 14 ^=43.98 inches, 
and at the roots 12.3 ir= 38.64 inches. Deducting the space 
occupied by sixty-two slots each .285 inch wide, or 17.67 inches, 
from each of these circumferences leaves 26.31 inches and 
20.97 inches for the tops and roots, respectively. At the middle 

of the teeth the space occupied by steel is — '■ '- — =23.64 

inches. The net length of steel parallel to the shaft is 4.62, 
and only 70 per cent, of the circumference is covered by the 
poles; therefore, 26.31 X 4.62 X. 7 =55 square inches is the 
effective area at the tops, and 20.97 X 4.62 X. 7 =^7.5 square 
inches that at the roots. 

The volimie of steel in the teeth will be equal to 23.64 (cir- 
cumferential space occupied by steel at the middle point of 
teeth) X 4.62 X. 85 (depth of teeth) = 92.8 cubic inches. 

The volume of steel in the armatiu^ core, exclusive of the 
teeth, will be equal to th*e product of the net length of steel 
parallel to the shaft and an area equal to the difference in 
areas of two drcles, one with the armature diameter at the 
roots of the teeth and the other with the diameter at the inner 
surface of the core. The volimie, in this case, will be ((12.3* 
X.7864)-(8.52X.7854)]X4.62=287 cubic inches. 

37. The approximate densities for the parts of the armature 
core may now be calculated, the total flux being taken as 
7,940,000 lines. The data shows whether or not the approxi- 
mate values are satisfactory and may be collected as follows: 
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Part Effective Area Magnetic Density 

Annature core (below slots) . . . 105 75,600 

Annatuie teeth at tops 85 93,400 

Armature teeth at roots 67.8 117,100 

Armature teeth, average 105,250 

The final value for the total flux will be somewhat greater 
than 7,940,000 lines, and the densities in the parts of the 
magnetic circuit based on the larger flux will be calculated in 
Design of DirecU Current Machines, Part 3. 

38. As calculated in Art. 29, the magnetic frequency is 
ten cycles per second. Fig. 7 shows a curve that may be 
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fmtts Lost per Cubic Inch cfSt^l 
Pig. 7 

used for determining the watts lost per cubic inch of steel, 
when the result of the product of the cycles per second and the 
lines per square inch divided by 10* is known. 
The loss in the main body of the armature core is first deter- 
10X75,600 



mined: 



• = .756, and by the curve the indicated 



1,000,000 

watts loss per cubic inch of steel is .35. For 287 cubic inches, 
the loss will be 287 X. 35= 100 watts. 

The loss in the teeth is then determined: '- 

1,000,000 

«= 1.053, and by the curve the indicated watts loss per cubic 
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inch of steel is .53. For 92.8 cubic inches, the loss will be 92.8 
X.53=49 watts. The total steel loss in the whole armature 
core will be 100+49 = 149 watts. 

39. Besides the core losses the other mechanical losses are 
brush friction, bearing friction, and windage. Bearing friction 
and windage are usually very small, totaling only from J to 
2 per cent, of the output of the machine; hence, an intelligent 
guess as to their value is often suflBciently accurate. In this 
case the speed is low and the loss will be low; 1 per cent, of the 
output will be ample. The output is 5 horsepower, or 3,730 
watts, hence the bearing friction and windage may be taken 
as 40 watts. 

The brush friction may be roughly estimated by multiplying 
together the commutator diameter, expressed in inches, the 
revolutions per minute, and the ftdl-load amperes, and dividing 
this product by 4,000. The full-load current at a motor 

efficiency of 85 per cent, is - = 38.2 amperes. For 

115X.85 

purposes of estimation, the diameter of the commutator may 

be assumed to be 70 per cent, of that of the armature, or 14 X .7 

= 10 inches, approximately. The loss in brush friction will be 

10X200X38.2 



4,000 



= 19.1 watts. 



40. The total armature losses equal 149 (teeth and core) 
+40 (bearing friction and windage) + 19 (brush friction) 
= 208 watts, or £10 watts, approximately. The output of the 
5-horsepower motor is 3,730 watts, and adding 210 watts for 
the armature losses gives a total of 3,940 watts for P,-, the 
watts converted from electrical into mechanical power. The 
first rough estimate of Pi of 4,050 watts is now corrected to 
3,940 watts. 

41. The amperes in the armature may now be finally 
calculated. The electromotive force impressed on the wind- 
ings, which is the line electromotive force less the drop in the 
brushes and commutator, will be 112^ volts; the armature 
resistance will be .34 ohm; the power converted will be 3,940 
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watts. Use either of the fonntdas of Art. 32. Trial values 

give 99 for internal voltage and 39.8 amperes as the armature 

current. Substituting the values for P„ Ec, R, and / in the 

3 940 

right-hand member of formula 1 of Art. 32, / = '■ 

112.5-. 34X39.8 

= 39.8 amperes. 

The current 39.8 amperes X the resistance .34 ohm 
= 13.5 volts / R drop in the armature winding, and 112 J — 13 J 
= 99 volts for Ei the internal volts. 

The new value of ampere-conductors per inch will be 

39.8X744 o^ry . ^ • , M 1, K. 8,234 

=337; and of circular mils per ampere will be 

2X14 TT 19.9 

The total flux, taking the value for the generated internal 

voltage as 99 and using a modification of the formula of Art. 2. 

. ^^ 60X108 £:.m 60X10«X99X2 ryar^nnnnr 

IS p 0= = =7,980,000 lines. 

Sf 200X744 

42. The new values of flux current and generated electro- 
motive force do not differ sufficiently from the trial values to 
necessitate changes in the dimensions of the armature core or 
its windings. 

The armature calculations now being complete, the data 
obtained may be collected as follows : 

Output, horsepower 5 

Revolutions per minute 200 

Outside diameter, inches 14 

Inside diameter, inches 8.5 

Length over laminations, inches 5.5 

Air vent, one, inch .375 

Net steel in laminations, per cent 90 

Slots 62 

Width of slot, inch .285 

Depth of slot, inch .85 

Size of conductor No. 11 B. & S., d. c. c. 

Conductors per slot 12 

Resistance when hot, ohm .34 

Total current for the two paths, amperes 39.8 
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Current per path, amperes 19.9 

Counter electromotive force, volts 99 

Effective area of core for total flux, 

square inches 105 

Effective area of teeth at tops for total 

flux, square inches 85 

Effective area of teeth at roots for total 

flux, square inches ^ 67.8 

Mechanical losses, estimated, watts 210 

Ampere-conductors per inch 337 

Circular mils per ampere 414 

Total flux, lines of force 7.980,000 



ARMATURES FOR A ISOtKELOWATT GENERATOR 

43. The design problem to be taken up here relates to three 
armatures for a IdO-kilowatt generator, the armatures to develop 
outputs at 125y 250, and 550 volts, with a speed of 575 revolu- 
tions per minute. Such an armature might be belt-driven or 
be connected to an alternating-current motor having a syn- 
chronous speed of 600 revolutions per minute. In either case, 
the no-load speed will be about 600 and the full-load speed 
576 revolutions per minute. On account of speed £uid output, 
the generator is to be provided with commutating poles. 

44. An efficiency U of 91 per cent., Table I, will be selected. 

150 000 
and from the formula of Art. 7, P»= — ^- = 157,000 watts. 

A reasonable value for the percentage of armature surface 
covered by the main poles for this commutating-pole machine 
is 70. 

As the generator is of considerable size, densities of from 
130,000 to 140,000 lines per square inch at the teeth roots and 
an average air-gap density of 57,500 lines may be taken as 
trial values. 

An armature of this output and speed will be at least 24 inches 
in diameter. For this diameter Fig. 3 indicates a value of 
700 ampere-conductors per inch, and this value will be selected 
for trial. 
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46. Substituting values in the formula of Art. 17, 

d«/= 60X10^X157,000 

.7X9.87X57,500X700X575 

If d were 24 inches, / would be 10.2 inches; if d were 26 inches, 
/ would be 8.7 inches; if d were 28 inches, / would be 7.5 inches. 
Any of these diameters would be reasonable. If, for instance, an 
armature punching die of 27 inches is available, that fact 
would probably determine the diameter of the core; ^ inches 
will therefore be selected. The required length / of core with 
this diameter will be determined later. 

46. When the core is wound for 550 volts a large number 
of commutator segments will be required; therefore, if many 
poles are provided, there will be too little space between brushes 
for the segments. If the commutator diameter is 70 per cent, 
of that of the annature core, it will be 27X .7 = 19 inches, nearly; 
and the circumference will be 60 inches, nearly. 

The distance from center to center of brushes, if eight poles 

60 
are employed, will be — =7J inches. This is a rather small 

allowance for 550 vdts, and, therefore, more than eight poles 
would be impracticable. The value, however, will be taken 
for trial, to be modified later. 

47. According to Fig. 3, the ampere-conductors per inch 
for an armature diameter of 27 inches may be taken as about 750. 
For a 150-kilowatt generator operating at 550 volts, the current 
outputwill be 150,000-h550=;^75 awp^^5. When the generator 
has commutating poles, a current of 400 or even 500 amperes 
for each path of the armature windings may be successfully 
commutated. Therefore, a series winding for this armature will 
be chosen. 

48. The current for each conductor will be 273 -J- 2 
^186.5 amperes. The total ntmiber of ampere-conductors 
for the whole core will be 3.1416X27X750=64,000, approxi- 
mately . The number of conductors when the current in each is 
136.5 amperes, will be 64,000-^136.5=468, approximately; the 
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number of turns and, with one turn per coil, the number of 
commutator segments, 234; the number of segments between 
centers of brushes for eight poles, 234-^8=29.3; the average 
voltage between segments for a 550-volt machine, 550^-29.3 
= 18.8. This is a high value, but not prohibitive. The average 
voltage per segment could be reduced by increasing the arma- 
ture diameter and putting in more conductors or by using six 
poles instead of eight. 

If more of these generators are to be wound for 550 volts 
than for the lower voltages, the 550-volt design should be 
favored. Let it be decided to use a lesser average voltage than 
18.8 between segments, and let this be accomplished by employ- 
ing six poles. 

49. As explained in Direct- Current Generators, the ntmiber 
of coils for a series winding must be such as to fit the formula 

number of coils = - X ^^ =*= 1 

in which p represents the number of poles; and y, the com- 

mutating pitch, which must be a whole nimiber. 

P 
The number of poles is 6 and - = 3. For a 550-volt armature, 
^ 2 

about 240 segments or 240 coils will be required; substituting 

values, 240 = 3X>'=*=1. The value of y must be about 80, and 

240 coils substituted in the formula does not fulfil the condition 

that ^^ be a whole number. If the value of y is taken as 80 and 

the equation solved for the number of one-tiun coils, 3X80=^1 

= 241 or 239 coils. 

Both 241 and 239 are prime numbers, and as many slots as 

active coils would have to be used. If a smaller nimiber of 

slots were selected it would be necessary to use some dummy, or 

imconnected, coils, in order to make the total ntunber of coils 

divisible evenly by the number of slots. In this case 240 coils 

might be used, 239 active and 1 dummy, with either 60 slots 

with 4 coils per slot or 80 slots with 3 coils per slot. It would 

be better, in a series winding for six poles, to avoid using 

3 coils per slot. Four coils per slot with either 59 or 61 slots 

may be used. Let it be decided to use 59 slots and 59X4 
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=236 coils, All active. Then, 236=^X>'± 1, and y= (236+1) 

2 

X- =79. The commutator pitch will be 79 \ hence, if one end 

P 
of a coil connects to segment No. 1, the other end of this coil will 
connect to segment No. 80, which is y segments removed from 
the starting point. 

50. For the 250-volt armature, the current output will be 
150,000 -5- 250 = ^W amperes. The current for each path of 
a series armature winding will be 300 amperes. Since the 
machine will have commutating poles, this current allowance 
for each path will be satisfactory. The current for each con- 
ductor, or path, will be a little greater than 300 amperes, 
because of the current required for the shimt field-coil circuit. 

The total ampere-conductors have been estimated as 
64,000. The number of conductors, when the current in each 

64 000 

is 300 amperes, will be — '- = 213. This value may be 

increased to 220 conductors, which will form 110 coils; then 
fifty-five slots, with two coils per slot, could be used, but the 
number of slots per pole would be rather low and it would be 
better to adopt 110 slots with 1 coil per slot, 

51. For the 125- volt armature, the current output will be 
150,000-5- 125 = /,;^W amperes. If a series winding is used, the 
current in each path will be 600 amperes. This is excessive, 
and a parallel winding with as many paths as poles will be 
selected. With six paths, the current per path will be 1,200 
-^6 = 200 amperes. 

The trial number of conductors will be 64,000 -^ 200 = 320, and 
the number of turns 160. When equalizer connections are 
installed, the number of coils must be divisible by the number 
of pairs of poles. In this case the number of pairs of poles is 
three, and 160 is not divisible by 3. It would be possible to 
use 165 turns with 55 slots and 3 coils per slot, but this is rather 
too few slots. Two coils per slot will be used, and the niunber 
of coils must, therefore, be an even number. The number 

2&3— 4 
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of coils may be 168 or 162 and the ntimber of slots 84 or 81. 
It is advisable, in the case of parallel-wound armatures to be 
used with commutating poles, to have the number of slots 
divisible by the ntimber of poles; therefore, 84 slots and 168 coils 
and segments will be selected. 

52. The peripheral velocity of the armature will be 

3.1416X27X575 , ^^ . ^ ^ . , . ^, t>__ 

— = 4*060 feet per minute y approxmiately. From 

the lower curve, Fig. 2, the rise in temperature indicated for a 
loss of 1 watt per square inch is \T C. For 40® Q. rise in tem- 
perattu^, the armature PR loss may be as high as 40 -7-17 
= 2.35 watts per square inch. 

From a modification of the formula of Art. 13, the circular 
mils per ampere is equal to the ampere-conductors per inch of 
circumference divided by the permissible radiation allowsmce, 
expressed in wp,tts per square inch. Substituting the selected 
data for /C = 750, and loss allowance = 2.35 watts, the least 

value for 7, or circular mils per ampere, =Ar-^ watts per square 
i 

inch = 750^-2.35 =320, approximately. With this value, there 

' yyi^ywyi^i^'/w^y'/^/yyyi^y i ^ ^ l will be little margin for overloads and 



the efficiency will be lower than with 

larger armature conductors. The 

P>G.8 value, therefore, will be raised to 

about JfiO circular tnils per ampere. This value will be used 

as the approximate minimtun in the three armatures. 

53. For the 550-volt armattire, the current in each con- 
ductor is 136.5 amperes, hence, at 400 circular mils per ampere, 
the cross-sectional area of the conductor should be 136.5X400 
= 54,600 circular mils or 42,900 square mils, approximately. A 
conductor. Fig. 8, will be adopted .07 inch thick, \=^.626 inch 
wide, and with rounded edges. The cross-sectional area of the 
conductor, in circular mils, will be the stun of the areas of the 

70 X 555 

rectangular portion =49,500, approximately, and of 

the two rounded end sections 70X70, or 49,500 +4,900 = 54,4(X?. 
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There are to be 4 coils per slot, as indicated in Figs. 9 and 10, 
and each coil is to have a single ttim of conductor .07 in. Xf in. 
Each conductor is to be wrapped with linen or cotton tape 
half lapped so that the thickness of tape is double on each 
side. The wrapped conductor is to be larger than the bare 
conductor in each dimension by about twp times the thickness 
of the wrappings or four times the thickness of the tape. 

Tape .005 inch thick is usually employed, but a half-lapped 
wrapping will usually add more than .020 inch to the conductor 
dimensions, due to several reasons. First, it cannot always 
be put on absolutely tight; and, second, the coils, after being 
taped, are usually coated 
with, or dipped into, insula- 
ting varnish or compound. 
The tape absorbs some of 
the insulating material and 
consequently increases in 
thickness. After the insu- 
lating treatment, the coils 
may be heated and pressed 
to reduce the thickness of 
the insulation. The final 
total thickness will depend 
somewhat on the treatment that the coils receive, 
it is assumed that the tape will add .028 inch 
ductor dimensions. 
,098 in.XMS in. 




One wrapping of 
haff'^apped Tape 
on each CondycfoK 



Thre9 wrapp/ngs 
of Oilmd Mumlin 
fappeif at top. 



■One wrapping of 
haff^appod 7bp€ 
on otJt9ido. 



Fig. 9 



In this case 
to the con- 
Each taped conductor will then measure 



54. The bundle of four coils is next wrapped along the slot 
portion with oiled muslin — that is, with muslin cloth coated 
with a linseed-oil varnish. This material serves as the inore 
important insulation between the armature conductors and the 
armattue core. The insulating doth is prepared in a ntunber 
of thicknesses, the thickness depending on the quality of the 
cloth used, which varies from the thinnest muslin to a heavy 
canvas. A thickness of .008-inch oiled muslin will be used for 
the coils; three wrappings will be used for the 550- volt coils 
and two wrappings for the 250- and 125-volt coils. 
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Each taped conductor measures .098 by .653 inch, and the 
bundle of fotir will measure .392 in. X .653 in. Three wrappings 
of oiled muslin, each .008 inch thick, will add .024 inch to each 
side, or .048 inch to the width, but since the ends of the oiled 

muslin are lapped over the top, the 
wrappings will add .056 inch to the 
depth. The wrapped bimdle will 
measure (.392 + .048 = .440 inch) 
X (.653 + .056 = .709 inch) . The 
btmdle of coils is next taped over 
the entire length with .005-inch 
tape half lapped, which adds .028 
inch to each dimension. The com- 
pletely insulated bimdle will meas- 
ure through the slot portion .468 in. 
X .737 in., or practically 41 in. X .7^ 
in.y as shown in Fig. 9. 

When assembling the pimchings 
on a shaft or on an armature spider, 
it is difficult to line them up exactly 
true, consequently the finished size 
of a slot is always a little smaller than it is punched. The 
size of slot in this case is selected as .5 in,y,1.65 in.y as indi- 
cated in Fig. 10. The allowance of .5— .47 = .03 inch in width 
is partly for additional clearance and partly because the 
finished slot will be smaller than the slot punched in a single 
lamination. Two groups of conductors and a wooden wedge 
are placed in each slot. 

55. For the 250- volt armature, 110 slots are to be provided, 
and a side of each of two coils is to be placed in each slot. It 
will be well to pimch out as much iron for the 250- volt armature 
as for the 550- volt armature; therefore, the punched size of the 
59 slots X. 5 




slots will be 



110 



= £68 inch wide. Allowing, in this 



case, about .018 inch for irregularity in lining up the pimchings 
leaves .25 inch for the maximum thickness of the insulated 
conductor. 
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The copper conductor will be insulated first with two wrap- 
pings of .008-inch oiled muslin, lapped at the top, which adds 
.032 inch to the width; and then for the outside protection, 
one layer of .005-inch half-lapped tape will add .028 inch 
more to the width. The total width of insulation will be 
.032 -h .028=. 06 inch. 

If the finished slot has a width of .25 inch, the maximtmi 
width of the bare copper will be .25— .06 = .19 inch, approxi- 
mately. The depth 

of the conductor will C\ q^"^ jy/a/or TV 

be taken as .625 inch, \-\ .oa' r/na/ \. 

as in the 550- volt ^-^ * ^ 

design. For a trial, ^^ p, 

two conductors in hi 

parallel each .09 in. H 
X.625in.willbecon- ^ 

sidered; the comers ^ 

of each conductor are ^'°* " 

to be rounded to a ^inch radius. The total cross-sectional 
area of the two conductors. Fig. 11, may be calculated by add- 
ing to the areas of the large rectangular portions of the two 
conductors, the areas of the circles composed of quarter sec- 
tions at the comers and the areas of the small rectangles 
formed at the ends of the conductors. The dimensions in the 
following equation are in mils. The total cross-sectional area 
^2 [[625- ( 2X31)]X 90 31)2 .2[90 - (2X 31)] X 31] 

L .7854 .7854 J 

= 141,140 circular mils. This conductor must carry a current 
of 300 amperes, approximately; thus, the current density will 

141 140 
be — ' — =470 circular mils per ampere. 
300 1-1- 

This is a rather larger value than is necessary; a satisfactory 

conductor will be composed of two strands, each oj JOS in, 

X .625 in. copper strip, which, with edges rounded to a radius of 

^ inch, will have a total cross-sectional area of 125,200 circular 

125 200 
mils. The current density will be - ' =417 circular mils 

300 
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per ampere. The width of the instdated conductor will be .08 
+.08+. 06 = .22 inch. 

56. For the 125-volt armature, 84 slots and 168 coils are 

to be provided. There will be 168 -^ 84 = 2 coils per slot, or 

four conductors per slot. Two insulated conductors will be 

grouped together and there wiU be two insulated groups in 

each slot. The amount of iron ptmched out for the slots will 

be assumed to be the same as for the 550- volt armature, which 

has fifty-nine J-inch slots. The width of the punched slot 

59 X 5 

will be -- = .361 inch; allowing, in this case, about .015 inch 

84 

for irregularities in assembling the pimchings leaves .336 inch 
for the finished size of the slot and the size of the coil. Deduct- 
ing .06 inch for tape and two wrappings of oiled muslin around 
each group of conductors leaves .276 inch for the width of two 
insulated conductors, or .138 inch for each insulated conductor. 
Deducting .028 inch for half-lapped tape on each conductor 
leaves .11 inch for the thickness of the bare conductor. A 
conductor .625 X. 11 inch with comers rounded to ^-inch 

A' -11 1, ^ [625-(2X31)]X110 . ,^^^,,, 

radius will have an area of ^ +(2X31)* 

.7854 

, 2[110-(2X31)]X31 ^^,^ . ; .; . ,1 

-^_^ -=86,400 circular mils, approximately. 

The current in each conductor will be = 200 amperes, and 

125X6 

the current density, — ' - - = 432 circular mils per ampere. 

57. To find the length of the armature core, it is necessary 
first to determine the total flux through the teeth, then to 
assume a suitable tooth density and compute the length of 
core that will give this density. The internal electromotive, 
force developed in an armature winding of a generator is greater 
than the terminal electromotive force by the voltage required 
to maintain the current through the internal resistance. In 
the absence of more accurate data, the internal voltage may be 
taken as equal to the terminal voltage divided by the square 
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root of the efficiency. Thus, for the 550-volt armattire, £»• 

E 550 550 ^^- ,, 

= _^ = _^ = = 577 volts. 

^[U y[m .954 

The trial value for the total flux, calculated by a modifi- 
cation of the formula of Art. 2. will be p <p = * — 

' ^ 5/ 

60X10«X577X2 ^.. y 

= = 25.5 megahnes. 

575X472 

58. In ordinary machines, the ampere-turns required to 
maintain the flux through the armature teeth should be between 
10 per cent, and 20 per cent, of the armature reaction, in 
ampere-tums per pole. The computation for the excitation 
ampere-ttuTis for the teeth is explained later. If less than 
10 per cent, of the armature ampere-tums per pole are expended 
in maintaining the flux in the teeth, the machine may be too 
expensive, owing to the use of too large an armature core, but 
if more than 20 per cent, is expended, the cost of the field coils 
may be excessive. 

For this machine a tooth density of 140,000 lines per square 
inch may be asstuned. For 25.5 megalines, the effective area 

of the roots of the teeth should be — '- '- — =180 square 

140,000 

inches, approximately. Since but 70 per cent, of the armature 
is covered by poles, the total tooth-root area will be 180-^.7 
= 257 square inches. The armature diameter is 27 inches and the 
slots are 1 .65 inches deep ; therefore, the diameter at the roots 
of the teeth will be 27-(2Xl.65) =j^5.7 inches, and the cir- 
cumference at that point 23.7X3.1416 = 74.46 inches. Out 
of this circumference fifty-nine slots each \ inch wide, or 
29i inches, are punched, leaving 44% inches as the sum of the 
width of all teeth at the roots. 

For an area of 257 square inches, the net length of steel 

257 

shoidd be = 5.72 inches. Assiuning armature pxmchings 

44.96 

.025 inch thick, 90 per cent, of the armature length will be net 

5 72 
steel. The pimching should total — — = 6.36 inches. The 

.9 
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length of the punchings will be taken as 6^ inches, and a ^4nch 
air vent provided in the middle of the core, will make the core 
7 inches in length. The net length of steel will be 6.5 X. 9 
==5.86 inches. 

59. The inner diameter of the armature cx)re may be 
detennined by assimiing a suitable magnetic density for the 
central part of the core. This density may be taken anywhere 
between 60,000 and 95,000 lines per square inch, the former 
being preferable for frequencies of 60 and up and the latter 
for frequencies of 20 and imder. A density of 70,000 lines per 
square inch is a good value for this machine, the frequency of 

575 6 
which is — X = ^8.75, or nearly 30 cycles. Up 0is 25.5 meg- 
alines, the flux per pole will be about 25.5-1-6=4.25 megalines. 
In the armature core this flux divides as indicated in Fig. 6, and 
the flux each way will be 2.13 megalines. With a density of 

70,000 lines per square inch, an area of -^ '- =30 square 

70,000 

inches will be required. The net length of steel is 5.85 inches, 
as previously determined, therefore the radial depth of steel 
below the bottom of the slots, or dimension a, Fig. 6, will be 
30-7-5.85 = 5.13 inches. The diameter at the roots of the 
teeth is 23.7 inches; therefore, if the inner diameter of the core 
is made 13.5 inches, the radial depth of steel imder the slots 

23 7 13 5 

will be — '- •* =5.1 inches. The inner diameter will be 

2 

taken as 18.5 inches. The cross-sectional area for the path of 
one-half of the flux to or from a pole will be 5.85X5.1 =29.84 
square inches. The area for six poles will be 2X6x29.84 
=358 square inches. 

60. The diameter of the armature core is 27 inches, and 
its outer circimiference will be 84.82 inches. Out of this is 
punched fifty-nine slots each J inch wide, leaving 84.82—29.5 
= 55.32 inches as the net circumference of all of the teeth. 
There are but 70 per cent, of these teeth effective in conducting 
the flux at any one time. The net length of the armature core 
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is 5.85 inches, and the effective area of all the teeth at their 
tops for carrying the total flux will be 55.32 X. 7X5.85 
=2^ square inches. 

The net circumference at the tooth roots, after deducting 
the slots, is 44.96 inches; therefore, the effective area of the 
teeth at the roots for conducting the total flux is 44.96 X. 7 
X5.85=/^4 square inches. 

The total area of the teeth at the tops will be 55.32X5.85 
=323.6 square inches; at the roots the area will be 44.96X5.85 
= 263 square inches; and the average area will be 293,3 square 
inches. The teeth are 1.65 inches long, and the volume of the 
steel will be /i84 cubic inches. 

The volume of steel below the slots will be [(23.7*X.7854) 
- (13.5^ X .7864)] X 5.85 = / ,7^0 cubic inches, approximately. 

61. To approximate the mean length of an armature turn, 
let it be assumed that the coils will extend straight out from the 
slots 1 inch at each end of the armature core. As the armature 
core is 7 inches over all, this will make the straight conductors 
9 inches long. The armature coils lie in cylindrical surfaces 
whose mean is the surface that passes between the two groups 
of coils in a slot, Fig. 10. The diameter at the bottom of the 
slots is 23.7 inches, and the distance from the bottom to the 
middle of the space between the two groups of coils is f inch; 
therefore, the diameter of the mean cylindrical surface of the 
coils is 23.7 +.75+ .75 = ^5.;^ inches. The mean pitch of the 
coils for a six-pole machine, measured along the arc, must 

average '- = 13.2 inches. The end connections of 

the conductors in the slots will be about 25 per cent, longer 
than the calculated pitch of 13.2 inches of arc, or 13.2 XI. 25 
= 16.5 inches. Each armature turn includes two face conduc- 
tors and two sets of end connections; therefore, the calculated 
mean length of an armature ttim will be 2(9+16.5) = 51 inches. 

.62. If the above rough approximation of the mean length 
of an armature turn is not considered sufficiently accurate, the 
coil may be drawn to scale and the length of the tiun deter- 
mined. Fig. 12 shows a coil for the 125- volt winding developed 
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into a flat surface. There are to be eighty-four slots and six 
poles, therefore each coil will span fourteen slots. One side 
of the coil is in the bottom of slot / and the other side in the 
top of slot 16, the span 'being fourteen slots. The center lines 
of slots / and 15 are placed ta scale 13.2 inches apart; this 
distance is the length of the arc of the mean circumference 
that is spanned by the coil. 

Within the slots the coils are .336 inch wide, but beyond the 
wrappings of oiled muslin the coils measure only .336 — .032 
= .304 inch thick. A space of .04 inch is allowed between the 
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end connections of the coils. The distance between centers of 
adjacent slots, measured on the arc of the mean circumference, 
will be 13.2 -7-1:4 = . 943 inch. Lay off to any convenient scale 
the distance a b equal to .943 inch, and from b draw an arc of a 
circle having a radius b c equal to .304+. 04 = .344 inch. Draw 
from a a line tangent to the arc of the circle, making the 
angle acb a, right angle. The end portions of the coil should 
be drawn parallel to either the line a c or a Ci in order to secure 
the spacing of .04 inch between the ends of the coils. 

At the rear ends the coils are bent on edge aroxmd a pin with 
a diameter of f inch; at the front ends the conductors are 
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straight for an inch where they enter the commutator necks. 
By completing the drawing of the coil, as indicated in Fig. 12. 
the length of the conductor per turn may be accurately deter- 
mined by scaUng. The mean length of the turn, as determined 
from the original drawing, is 521 inches. 

63. The resistance of the 125-volt armature is, from the 

formula of Art. 31, R = ^^'^^^^^ ^= .002S5 ohm. With a 

86,400X62 

current of 1,200 amperes, the drop in voltage in the armature 

windings will be 1, 200 X. 00285 = 3.42 volts; adding 2.5 volts as 

an allowance for the average drop for carbon brushes, and 40 per 

cent, of the armature drop, or 3.42 X. 4 = 1.37 volts, for the 

drop in the series and commutating-pole windings, makes the 

total drop 3.42 + 2.5+1.37 = 7.3. or practically 7.5 volts. 

The internal electromotive force of the 125-volt machine will be 

125+7.5 = 132.5 volts. The total flux will be ^ <i^ = ^^^^ -^^ 

60X10«X 132.5X6 ^, ^ ,. 

= = 24.7 megahnes, 

575X336 

64. The resistance of the 250-volt armature will be R 

= — '- =.0116 ohm. With a current of 600 amperes, 

125,200X22 

the drop in voltage in the armature windings will be 6.96 volts; 

adding 2.5 volts as an allowance for the average drop for carbon 

brushes and 40 per cent, of the armature drop, or 6.96 X. 4 

= 2.78 volts, for the drop in the series and comrrutating-pole 

windings, makes the total drop 6.96+2.5+2.78=12.24, or 

practically 12.25 volts. The internal electromotive force of 

the 250-volt machine will be 250+12.25 = 262£o volts. The 

**i fl ti u« >,/» 60X108X262.25X2 ^. ,. 

total flux will be p<l^=^ =25 megahnes. 

575X220 

approximately. 

65. The resistance of the 550-volt armature will be R 

52 75X236 

= — '- =.0572 ohm. With a current of 273 amperes, the 

54.400X2* "^ 
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drop in volts in the armature windings will be 15.6 volts; adding 
2.5 volts as an allowance for the average drop for carbon 
brushes and 40 per cent, of the armature drop, or 15.6X.4 
=6.24 volts, for the drop in the series and conmiutating-pole 
windings, makes the total drop 15.6+2.5+6.24 = 24.34, or 
practically 24.35 volts. The internal electromotive force of 
the 550-volt machine will be 550+24.35 = 57-^.5J, or practically 

izyiz 7. Tu * ^ 1 fl n K >./« 60X10»X575X2 
676 volts. The total flux will be p = 

575X472 

— 254 megalines. 

66. It should be noted that the windings selected for the 
three voltages require practically the same total flux, and since 
the steel sections in the teeth and armature core are the same 
for all three armatures, a single calculation of the core loss is 
sufficient in this case for all three armatures. The core loss 
depends very largely on the care taken when annealing the 
steel, and as this is a difficult and delicate process somewhat 
wide variations in results may be expected. On this account 
very accurate core-loss calculations are not essential. 

With a total flux of 25 megalines passing through a total 
main armature core section. Art. 59, of 358 square inches, the 

magnetic density will be — '- ' — = 70,000 lines per square 

inch, approximately. 

For an effective tooth area. Art. 60, at the roots of 184 square 
inches and at the tops of 227 square inches, the densities will 
be 136,000 and 110,100 lines per square inch, respectively; the 
average density in the teeth is 123,000 lines per square inch. 

67. The frequency of the magnetic periods in a six-pole 

6 575 

machine operating at 575 revolutions per minute will be ~ X^ — 

2 60 

= 28.75 cycles. 

The product Of the density 70,000 lines per square inch in 

the main core and the frequency, 28.75, divided by 1,000,000 

is 2.01. Referring to Fig. 7, the indicated loss per cubic inch 

of steel in the main core will be 1.05 watts. In a similar 
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manner, for the average density of 123,000 lines per square 
inch in the teeth, the loss per cubic inch of steel in the teeth 
will be (3.54 and 2.35 on curve) 2.35 watts. 

The steel loss in the main part of the armature core, which 
contains 1,740 cubic inches, at 1.05 watts per cubic inch, will 
be 1,740X1.05 = ^,550 watts; and in the teeth, which contain 
484 cubic inches, at 2.35 watts per cubic inch, will be 484X2.35 
^1J40 watts. The total core loss will be 2^970 watts, 

68. The armature data obtained may be collected as 
follows: 

Output, kilowatts 150 

Revolutions per minute, full-load 575 

Outside diameter, inches 27 

Inside diameter, inches 13.5 

Length over laminations, including an air vent 

i inch wide, inches 7 

Net steel in lamination, inches 5.85 





125 Volts 


250 Volts 


550 Volts 


Slots 


84 


110 


59 


Width of slot, inch 


.351 


.268 


.5 


Depth of slot, inches 


1.65 


1.65 


1.65 


Coils 


168 


110 


236 


Dimensions of conductor, 








inch 


•"x''2'l^o^i'^)»'x«^^ 


Area of conductor, circular 








mils 


86.400 


125.200 


54,400 


Armatiu^ resistance, ohm . . 


.00285 


.0116 


.0572 


Effective area of main arma- 








ture core, square inches. . . 


358 






Effective area of teeth at 








roots, square inches 


184 






Effective area of teeth at 








tops, square inches 


227 






Estimated core loss, watts. . . 


2,970 
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COMMUTATOR DESIGN 



COMMUTATOR AN1> BRUSH DATA 

69. . Function of Commutator. — ^The purpose of a com- 
mutator of a direct-current motor or generator is to provide 
means of connecting the moving conductors on the armature 
to stationary brushes bearing on the commutator and connected 
to the external circuit. 

In a motor, the current enters the armature windings through 
the positive brushes and passes out through the negative 
brushes; in a generator, the current leaves the armatiu'e through 
the positive brushes and retimis through the negative brushes. 
In either case, the ciurent must pass through the commutator 
and brush contact surfaces twice, half of the brushes carrying 
the current to* the commutator and the other half taking it 
away from the commutator. 

The commutator must be so designed that the armature 
current may be carried by the brushes and commutator with- 
out undue heating, without excessive wear or roughening of 
the rubbing surfaces of either, and without sparking or burning 
of the brushes or commutator segments. 

70. Commutator and Brusli Materials. — Commuta- 
tors are almost invariably built up of hard-drawn or drop- 
forged copper segments insulated from each other by amber, 
mica, or micanite. Machines of 25 volts and over practically 
always use brushes of carbon or graphite or a combination of 
carbon and graphite. The materials copper and niica for the 
commutator and carbon and graphite for the brushes have 
been selected because they do not wear excessively when in 
rubbing contact. 

The internal resistance of the carbon or graphite brush and 
the contact resistance between the brush and the commutator 



Digitized by 



Google 



§ 58 DIRECT-CURRENT MACHINES 47 

are comparatively high, but a high resistance in the brush and 
in the contact surface is desirable and essential in order that the 
current in the coil during commutation shaU not be excessive. 

71. Current Density in Brush Contact. — ^The current 
density in the brush contact surface should not exceed about 
30 amperes per square inch for pure carbon, or about 50 amperes 
per square inch for pure graphite. For combination carbon 
and graphite brushes, the current density may be between 
30 and 50 amperes per square inch, depending on the propor- 
tions of the two materials used in making the brushes. For the 
piupose of designing, a current density in brushes of carbon or 
graphite may be taken as 30 to 35 amperes per square inch of 
contact surface. 

72. At no load, the electromotive force between two 
adjacent neutral points on the commutator is practically the 
full voltage developed in the armature. This electromotive 
force is generated chiefly in the coils whose conductors are 
moving across the pole faces, yet the coils whose conductors 
are in the so-called neutral space are not entirely inactive 
except for a very short space. If the brushes are so thick that 
they span too great an angle on the commutator surface, 
excessive currents wiU be established in the coils imder com- 
mutation and in the brushes even though the latter are of high 
resistance. 

73. Thickness of Brushes. — ^The voltage generated in 
the conductors within a given angle for any relative position 
of conductors and pole piece will be greater for high- than for 
low-voltage armatures; therefore, brushes should be thinner on 
machines of higher voltage, assuming that the specific resistance 
of the brush material is about the same for the different voltages. 

A rule that may be followed is to have the brush cover not 
more than three commutator segments in any case; for 125-volt 
machines the thickness should not exceed 10 per cent, of the 
angular space from one neutral point to the next, measured on 
the commutator surface; for 250- volt machines, 7.5 per cent.; 
and for 500-volt machines, 5 per cent. 
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74. Brusli Resistance Loss. — ^The brush contact resis- 
tance depends on the material of the brush, the current density 
in the contact surface, and the pressure between the brush and 
the commutator. On ordinary stationary motors and genera- 
tors, the brush-holder springs should be adjusted to give a 
pressure of about 2 pounds for every square inch of contact 
surface between the brush and the commutator. 

Fig. 13 shows the total drop in volts for both the positive 
and negative brushes. The data is based on a brush pressure 
of 2 pounds per square inch of contact surface, and on brushes 
of average quality, containing approximately 15 per cent, of 






A O lO 20 30 40 50 

Amperes per Square inch€f Brush, Qmiact Surfiux 

Fig. 13 

graphite. Had the brush pressure been less, the voltage drop for 
a particular current density would have been greater; whereas, 
with increased brush pressure, the voltage drop would be less. 
The total watts resistance loss in both of the sets of brushes 
and contacts is equal to the product of the total drop in volts 
for a positive and a negative set of brushes and the current in 
each set. 

75. Brush Friction Loss. — Besides the loss due to brush 
internal resistance and contact resistance there is also the loss 
due to friction between the brush and moving commutator. 
The friction loss may be calculated, if the brush pressure per 
square inch, the total area of the brush contact surface, the 
commutator surface speed, and the coefficient of friction are 
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known. For brushes, composed of various mixtures of carbon 
and graphite, rubbing on copper, the coefficient of friction 
varies from .1 to .3. As much depends on the condition of 
the rubbing surfaces, it is well to allow the value .3 for cal- 
culations in order not to imderestimate the friction loss. 

If the brush pressure is 2 pounds per square inch and if the 
coefficient of friction is .3, then the tangential force due to the 
rubbing of the brush on the commutator surface will be 2X.3 
= .6 poimds for each square inch of brush contact surface. If 
this tangential force is multiplied by the velocity of rubbing, in 
feet per minute, the foot-potmds of work expended per square 
inch of contact surface per minute will be obtained. 

The velocity v of rubbing, in feet per minute, will be — t S, 

in which d is the diameter of the commutator, expressed in 
inches; and 5, the number of revolutions of the commutator 
per minute. 

With the value .6 pound per square inch of brush-contact 
surface, the work per square inch of brush-contact surface, 

expressed in foot-pounds, will be 

One horsepower is equivalent to 33,000 foot-pounds per 
minute," or 746 watts. The brush friction loss per square inch 

of brush contact surface, expressed in watts, will be '- 

33,000X12 

= . 00365 d5=—. 

282 

If / is the current output of the armature and i the current 
density in amperes per square inch of brush-contact surface, 
the total nvunber of square inches of brush-contact surface, con- 
sidering that current / both enters and leaves the commutator 

2 / 
surface, is — . The total watts P lost in brush friction will be 
i 

21 dS 

P=^X^ 
i 141 

283-5 
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76. In Art. 39 it was stated that the commutator brush- 
friction loss may be roughly estimated by multiplying together 
the commutator diameter, expressed in inches, the speed, and 
the full-load armature amperes, and dividing the product 
by 4,000. Comparing this statement with the equation for P, 
the product of i and 141 in this case should equal 4,000, and, if 

so, the current density is — = 28.4 amperes per square inch. 

77. Results Due to Excessive Brush. Losses. — ^The 
resistance and friction losses must not be so large as to cause 
the commutator to heat excessively, since roughening of the 
current-collecting surfaces may result. With some kinds of 
brushes, the coefficient of friction increases with the temper- 
atiu^ to such an extent that the brushes chatter, that is, 
vibrate in the holders. Any roughness or chattering will 
impair the brush contact surface and greatly increase its con- 
tact resistance. 

78. Temperature Rise of Commutator. — -It is best to 
keep the temperature rise of the commutator imder 55** C; 
temperature rises of 40° C. and 50° C. are commonly permitted 
for full-load continuous operation. 

To estimate the rise in temperature of a commutator it is 
necessary to determine the ntmiber of watts it must radiate 
and compare this with the area of the radiating siuf ace. 

In addition to the brush losses due to their internal and 
contact resistances and the friction losses, there are others due 
to the extra currents established in the bars connected to coils 
undergoing commutation. These losses are liable to be higher 
in machines without commutating poles than in those that are 
so provided, tmless the strength of these poles is improperly 
adjusted. When the currents in the short-circuited coils are 
excessive, visible sparking will exist, but they often cause 
commutator heating T^ithout visible sparking. There does not 
seem to be any simple method of estimating the commutator 
loss due to these currents. The best that can be done is to 
base the losses on those due to normal resistance and friction 
and base the heating on the total estimated loss. 
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79. The ability of a commutator to dissipate heat depends 
very much on its construction. Commutators 6 inches and 
larger in diameter are usually ventilated by air passages either 
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^ Peripheral Velocity inFsetperAfintUe 

Fig. 14 

between the segments and the shaft, or between the shell in 
in which the segments are clamped and the shaft. 

Although the heat-dissipating surface of a ventilated commu- 
tator is practically all of the exposed area of the segments and 
shell, it is convenient, for the purpose of making calculations, 
to consider only the outside surface of the segments themselves. 

80. Relation Between 
Temperature Rise and Speed 
of Conunutator. — In Fig. 14 
is shown the relation between 
the peripheral velocity of ven- 
tilated commutators and the 
degrees centigrade rise per watt 
per square inch of surface. In 
preparing the curve, certain assumptions were made in 
estimating the radiating area, because the results were more 
consistent when thus calculated. 




Fig. 15 
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Commutators in which the armattire conductors were sol- 
dered directly into the segemnts, such as that shown in Fig. 15, 
were considered as having a length of face a equal to the 
length of the actual face plus twice the radial depth of the end 
of a segment exposed for radiation. The area was estimated 
as though the -total estimated face a had the maximimi 
diameter b. 

81. The radiating-surface area of commutators in which 
the armature conductors are soldered into necks, which, in turn, 

are soldered to the segments, 
as shown in Fig. 16, was calcu- 
lated by adding to the assumed 
face a the dimension c, which 
is the height of the commuta- 
tor neck. Wherever c exceeded 
4 inches, the dimension 4 inches 
was used. It is found that the 
use of these necks aids consid- 
erably in dissipating the heat 
of the commutator, for they 
not only add considerable radi- 
ating surface in themselves, 
but they set up by their fanning action a draft of cool air across 
the face of the commutator. The maximimi diameter b of the 
main portion of commutator was used in the calculation for 
radiating surface area. 

COMMUTATOR DESIGN PROBLEM FOR A 
6-HORSEPOWER MOTOR 

82. This design problem relates to a commutator for the 
5-horsepower motor armature previously designed. The num- 
ber of core slots is 62 and the nimiber of conductors per slot is 12 ; 




Fig. 16 



therefore, there are = 372 timis. 



The ntmiber of turns 



per slot is 6. The nimiber of commutator segments cannot be 
more than one per armature tiun, or 372, nor less than one per 
slot, or 372-7-6 = 62. The<iumber of segments should be such 
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that the average volts per segment around the commutator 
will not be excessive, and that commutating conditions will 
be satisfactory. 

83. In motors that are not eqtiipped with commutating 
poles the following formula may be used to predetermine 
roughly the commutating condition: 

X^cXiXfiXlXS 
In which X = commutating condition, the value of which should 
not exceed 75,000,000 and preferably not 
exceed 50,000,000; 
c=mmiber of segments in the commutator; 
i= current, in amperes per face conductor; 
<=nimiber of turns per armatiu^ coil; 
Z=over-all length of armature core, in inches; 
5= revolutions per minute. 
The length I of the armature core is 5.5 inches; the current i 
in each conductor, or per path, is 39.8-7-2=19.9 amperes; and 
the revolutions per minute S are 200. The product of c and t 
for any values of c and / that may be determined =372 turns. 
The right-hand member of the equation may be written (cXt) 
XtXiXlXS, and, by substituting values, 372X^X19.9X5.5 
X200, or 8,140,000 1. If t is taken as 6, its greatest value for 
this armature, X= 8,140,000X6 = 48,840,000. This is just 
within the limit of 50,000,000. It will be better to make /=3, 
which will insure good commutation as the product of 8,140,000 
and 3 is only 24,420,000. 

84. If the number of turns per coil is 3, the number of 
segments will be 372 -5- 3 = 124. The machine has six poles, and 
a voltage of 115 exists between one commutator brush point 
and the next brush point 360° -5-6 = 60° distant. The sum of 
the voltages around the commutator will be 115X6 = 690 volts; 
and the voltage between adjacent segments will be 690^124 
=5.J^, which is a low value; 124 segments are, therefore, 
satisfactory. 

86. The commutator diameter is usually between 60 per 
cent, and 75 per cent, of the armatiu-e diameter, which, in this 
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case, is 14 inches. The diameter of the commutator will be 
taken as 71.5 per cent, of 14 inches, or iO inches. 

The mica segments between the copper segments are usually 
from .02 to .04 inch thick, .03 inch being an average value. 
To insure a good wearing surface, the total thickness of mica 
should not exceed 15 per cent, of the commutator circum- 
ference. Assuming a thickness per mica segment of .03 inch, 
the total thickness of mica will be 124 X .03 = 3.72 inches, 

3 72 

which is '- X 100 =11.8 per cent, of the commutator 

10X3.1416 

circumference, which may be considered satisfactory. 

The armature conductor is No. 11 B.&S. double-cotton 
covered round copper wire. This can be readily bent down 
into a slot sawn into the end of the copper segments, a com- 
mutator neck, or lug, being unnecessary. The commutator 
will be similar to that shown in Fig. 15. 

86. There will be three positive and three negative brush 
points, and since the total armature current is 39.8 amperes, 
the current at each brush point will be 39.8-^3 = 13.3 amperes. 
Assuming a current density of 30 amperes per square inch of 
brush contact surface, the contact area per brush point should 
be approximately 13.3 -5-30 =.44 square inch. 

It is customary, in motors of more than one horsepower, to 
use two carbons per brush point so that, in the event of the 
commutator roughening, the lifting of a single brush will not 
break the circuit to that brush point. In this case, however, 
one carbon per brash point will be sufficient, since the speed is 
very low and the current per brush point small. 

87. The percentage of the armature covered by the poles 
is 70 per cent. The space between the edges of adjacent poles 
is 30 per cent, of the pole pitch. The brush must not span over 
about a third of the space between the edges of adjacent poles, 
or 30X^ = 10 per cent, of the pole pitch. If all the armature 
coils are liot alike even 10 per cent, is too great. 

The commutator is 10 inches in diameter and 31.4 inches in 
circumference. There are six poles, the pole pitch is 31.4 
-5-6=5.23 inches, and 10 per cent, of this is .52 inch. The 



Digitized by 



Google 



58 



DIRECT-CURRENT MACHINES 



55 



thickness of the brushes should be rather less than this value. 
Either | or 3^ inch would do, but brushes | inch thick will be 
selected. 

If the brush area is to be approximately .44 square inch, the 
width will be .44X1 = 1.17 inches. Either brushes IJ or 
1} inches wide would do, but brushe$ li inches wide will be 
selected. The current density in the contact surface of the 

13 3 

brush will be — '—=£8.4 amperes per square inch. 

From the curve, Fig. 13, the drop in voltage for both positive 
and negative brush contact surfaces with a current density 
of 28.4 amperes per square inch will be 2.4 volts; hence, the 
brush resistance loss for the full-load current of 39.8 amperes 
will be 2.4X39.8=^5.5 watts. 

The brush friction loss as calculated by the formula of Art. 75 



will be 



39.8_ 10X200 



p=rr:rx 

28.4 



141 



= 19.9 watts 



The total commutator loss will be 95.5+19.9 = ^^5.4 watts. 

88* Fig. 17 indicates the general dimensions of the upper por- 
tion of a commutator bar. The radiating surfaces of the end 
portions of the bar will have a depth of § inch; an allowance of 
i inch will be provided 
for the slot that holds the 
armature leads; and a 
clearance for armature 
movement will be al- 
lowed of I inch on each 
side of the brush, which 
wiU be IJ inches wide. 

The total length of the 
segment will be 2\ inches. 
The total face of the radiating surface will have an effective 
length of i+2J+|=3j inches. The circumference of the com- 
mutator is 31.4 inches, and the effective radiating surface is 
31.4X3.25 =102 square inches. This surface must dissipate a 

115 4 

total of 115.4 watts, or '- = 1.13 watts per square inch. 

102 




Fig. 17 
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89. The peripheral speed of the commutator will be 

10X3.14X200 ,,oQf ^ • 4. 17 *u 17- ,A 

=523 feet per minute. From the curve, Fie. 14, 

12 » 6 , 

the rise in temperature per watt p^ square inch will be 15.6** C. ; 
therefore, the probable rise in temperature for 1.13 watts per 
square inch will be 1.13X15.6 = ^7.^ C, As 40*^ or even 50^ C. 
rise may be allowed for ordinary motors, this commutator will 
be considered satisfactory. 

The size of this commutator is determined more by the 
rubbing area required by the brushes than by the radiating 
area necessary to prevent it from overheating. This is not an 
imusual condition with small outputs and low speeds. 



COMMUTATOR DESIGN PROBLEMS FOR A 
160-KIL0WATT GENERATOR 

90. The armatures for the three voltages are all 27 inches 
in diameter, and the commutator diameters can be from 16 to 
20 inches. With one segment per coil, the number of segments 
each for the 125-, 250-, and 550-volt commutators will be 168, 
110, and 236, respectively. The total voltage around the 
550-volt commutator will be the product of the number of 
poles, 6, and 550, or 3,300 volts. The average number of 
volts per segment will be 3,300-^236 = 14. It is best to have 
the thickness of a mica segment at least equal to the product 
of .002 and the average number of volts per segment. In 
this case a mica segment should not be less than .002X14 
= .028 inch; mica segments of a thickness of .OS inch will be 
selected. It is well to have the thickness of the mica segment 
not more than 15 per cent, of the combined thickness of one 
mica and one copper segment; then the least combined thick- 
ness will be .03 -?- . 15 = .2 inch. For 236 combined segments, the 

236X 2 

least diameter for a 550-volt commutator will be '— 

3.1416 
= 15 inches. Other considerations will lead to the selection of 
a commutator of larger diameter. 

91. The current output for the 125-volt aj*inature is 
1,200 amperes, or 1,200-^3 = 400 amperes at each brush point. 
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At a current density of 30 amperes per square inch, the contact 
area of one set of brushes must be about 400-7-30=13.3 square 
inches. 

If the commutating poles of the machine are properly 
designed, an angle of 10 per cent, of the pole pitch may be 
spanned by the brushes. The pole pitch will be 360-5-6 = 60°; 
10 per cent, of this is 6°, or uV of a circumference. If the 
commutator had a diameter of 15 inches, a brush to span 

one-sixtieth of the circumference would be '■ =.7854, 

60 

or about } inch thick. In the same proportion, a brush | inch 

875X60 

thick will require a commutator = 17 inches in diam- 

3.1416 

1X60 

eter. A brush 1 inch thick will require a commutator 

3.1416 

= 19 inches in diameter. 

92. For a |-inch brush and an area of 13.3 square inches, 
the brush contact surface will be 17.7 inches long; for a |-inch 
brush, 15.2 inches long; and for a 1-inch brush, 13.3 inches 
long. If each of these lengths is multiplied by the respective 
commutator circumferences, the approximate areas of the 
commutator surface that comes in contact with one set of 
brushes dtiring one revolution will be obtained. The cost of 
the commutators wiU be nearly proportional to these areas. 
There is no great difference between the values, and there is 
no definite advantage of one diameter over another. 

Since the diameter of the armature core is 27 inches and its 
length is 7 inches, it would not be in keeping to use a commu- 
tator of smaU diameter and great length. A commutator 
19 inches in diameter will be selected for the three armatiu-es, and 
on the 110- volt commutator brushes 1 inch thick will be used. 
The thickness of the individual commutator segments and the 
mica segments for the three commutators depends on the ntmi- 
ber of segments required and on the voltage between segments. 
The combined maximtun thickness of copper and the uniform 
thickness of the mica segments should equal the circiunference 
of a circle 19 inches in diameter for the three commutators. 
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93. If each brush is 1 inch thick and 1} inches wide, 
eleven brushes will have a' contact area of ISi square inches. 
The current density in the brushes will be 400 -?- 13.75 
=£9.1 amperes per square inch. The drop in voltage in the 
brushes, as indicated in Fig. 13, is 24i volts, approximately; 
therefore, the resistance loss in the carbons and commutator 
will be 2.41 X 1,200 =;^,5W watts. 

94. The peripheral velocity of a commutator 19 inches in 

diameter at a speed of 575 revolutions per minute will be 

19X3.1 416X575 ^qaa^ ^ 

= 2,860 feet per mmute. 

12 

The brush friction loss as calculated by the formula of 

Art. 75 will be P = ^ '^X — ^ ^^^ = 3,200 waits, approximately. 
29.1 141 

The total commutator loss is 2,890+3,200 =^,0W watts. 

95. The area of the commutator radiating surface may be 
estimated from the data indicated in Fig. 18. The length of 
the brush contact surface per brush holder, provided that the 
holder is so arranged that the brushes abut each other on their 
sides, will be 13J inches. If the pocket type of holder is pre- 



/ yfforSfa^9rfn9 







ferred, ten brushes each \\ inches thick by 1 J inches wide may 
be used. If an allowance of \ inch per brush is made for the 
metal spacing strips of the pockets and clearances, the total 
length between the extremities of the brush group will be 
(10Xl}) + (10Xi) = 13f inches, which is the same as with the 
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eleven-brush group. The brush contact surface of the ten- 
brush group will be liXl}XlO=14 square inches, which is 
practically that of the eleven-brush group. 

The allowance for armature float, or end movement, Fig. 18, 
will be J inch either way; for clearances near the ends of the 
commutator siuface, | inch and f inch; and for staggering 
the brushes, J inch. By staggering the brushes on alternate 
studs, the brushes on one stud tend to wear down the ridges 
left by the spaces between the brushes on the next stud. 

Adding these allowances, the length of the net wearing 
surface, and the 1-inch space for the commutator neck, the 
length of the segment. Fig. 18, will be 16^ inches. To determine 
the length of the effective radiating area, 4 inches may be used 
for one side of the commutator neck and 1 inch at either end 
of the segment, making a total segment length of 16|+4+l+l 
=££^ inches. The diameter of the commutator is 19 inches, 
and the area of the effective radiating surface will be 22.5 
X19X3.1416= 1,340 square inches, approximately. This sur- 
face radiates 6,090 watts, or 6,090-r-l,340 = 4.^ ^atts per square 
inch. 

From the curve. Fig. 14, for a peripheral velocity of 2,860 feet 
per minute, the temperature rise indicated is 10.3° C. per watt 
per square inch. The estimated rise in temperatiu^ will be 
46. ff^ C, approximately. 

If desirable to design for a lower temperature rise, the com- 
mutator may be lengthened and more carbon brushes used. In 
order to maintain the same area of contact and not increase the 
friction loss with the larger brush group, the carbons should be 
less in thickness than those for the shorter group. 

96. The current output for the 250-volt armature is 
600 amperes. Although this armature has a series winding, it is 
better to use as many brush groups as poles. Also, it will be 
better to use brushes somewhat thinner than for the 125-volt 
armature, although when wide commutating poles are employed 
brushes covering 10 per cent, of the pole pitch may be used on 
250-volt machines. Brushes } inch thick will be selected for 
this machine. 
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For a current density of 35 amperes per square inch of 
brush-contact surface and for (600X2) -5-6 = 200 amperes per 
brush point the total contact area per brush point should be 
5.7 square inches. With brushes f inch thick, the length of 
the contact surface should be 6.7 -s- .75 = 7.6 inches. Six brushes 
i inch by !{ inch and having a contact area of 6X. 75X1.25 
= 5.626 square inches will be used, and the current density 
then will be 200-^5.625=55.5 amperes per square inch. The 
length of the contact surface will be 6X1.25=7.6 inches. 

97. From Fig. 13, the indicated brush contact drop for a 
current density of 35.5 amperes per square inch is 2.52 volts; 
therefore, the resistance loss for 600 amperes will be 1,510 watts. 

The brush friction loss as calculated by the formula of 

Art. 76 will be P=—-X ^^^^'^^ =^ 1.310 watts. The total 
35.5 141 

commutator losses will be 2,8W watts. 

98. The area of the radiating surface of the commutator 
may be estimated from Fig. 18 by substituting 7§ inches for 
the 13f inches there shown. It is assumed that a type of brush 
holder will be used in which the brushes abut each other. 
The reduction in the length of the segment and of the effective 
radiating surface will be 13J— 7i = 6 J inches. The total length 
of the segment will be 16^ — 6J = lOJ inches, and the length of the 
effective radiating surface will be 10^+4+1 + 1 = 16i inches. 
The area of the effective radiating surface will be 16.25X19 
X 3.1416 =P70 square inches. The loss that must be radiated 
will be 2,820 -5- 970 = 2.9 watts per square inch. 

From the curve, Fig. 14, for a peripheral velocity of 2,860 feet 
per minute, the temperature rise indicated is 10.3° C. ; there- 
fore, for 2.9 watts per square inch, the estimated temperature 
rise is 10.3 X 2.9 =5(/'C. 

99. The current output for the 560-volt armature is 

273 amperes, or 91 amperes per brush point. Four brushes 
i inch thick by li inches wide will be used per group. The 
contact area will be4XjXli = 2i square inches, and the current 
density will be 91 -^ 2.5 =5^.^ amperes per square inch. 
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From Fig. 13, the indicated brush contact drop for a cturent 
density of 36.4 amperes per square inch is 2.65 volts; therefore, 
the resistance loss for 273 amperes will be 696 watts. 

The total length of the fotir IJ-inch brushes will be 5 inches; 
therefore, the length of the commutator segment will be 
7J— 5=2| inches less than for the 250-volt commutator, or 
10i^2i = 7i inches. 

When designing a set of commutators for 125-, 260-, and 
550-volt machines, if the designs of the commutators for the 
two lower voltages restdt in satisfactory heating conditions, the 
heating of the higher- voltage commutator will be satisfactory 
when moderate current density in the brushes is employed. 

lOO, Some of the more important features of construc- 
tion for the complete 260-volt armature are indicated in 
Fig. 19. The compressed armature pimchings, including a 
i-inch air vent a, have a length of 7 inches. At b and c finger 
plates are installed similar to the vent plate at a. The fingers 
support the teeth at their ends, as indicated at b in the view at 
the left. The laminations and spacing plates are clamped 
between the end plates d and e mounted on the armature 
spider /. Plate d rests against a shoulder g on the spider, and 
plate e is pressed on until some small keys fe, which lock the 
plate in position, may be inserted in the plate and spider arms. 
The ring i supports the rear end windings and is in turn sup- 
ported by the arms of plate e. These arms act as vanes and 
fan the air through the rear end windings at /. The commu- 
tator shell is made of steel and is motmted on an extension of 
the hub of the armature spider. The copper segments k are 
clamped by means of bolts / between the commutator shell and 
the wedge ring m. Micanite insulating cones n and o and a 
mica sleeve p insulate the segments from the shell and ring. 
The exposed part of the outer micanite cone o should be pro- 
tected from oil and dust by a covering q of twine or tape. 
The commutator necks shown at r serve to support the front 
armature end windings. Bands s serve to retain the end wind- 
ings in position. End plate e at the rear of the armature is 
indicated in the lower portion of the left-hand view. 
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MACHINES 

(PART 2) 



FEATURES OF FIELD-MAGNET DESIGN 



THE MAGNETIC dRCUIT 

1 • Function of the Poles and Yoke. — ^The magnet frame, 
or yoke, and the poles, together with the air gaps and armature, 
form one or more complete magnetic circuits. It is the primary 
function of the poles and yoke to conduct the magnetic flux 
from the armature surface near one pole through the field coils 
and return it to the armature surface near the next pole. 

The poles must also support the field coils, and the magnet 
yoke must be able to withstand the magnetic pull between the 
armature and the poles. In small machines, the stress does not 
usually prove troublesome, but in large ones, especially those 
having ten or more poles, it is often necessary to so design the 
section of the yoke as to obtain the greatest mechanical stiffness 
from the magnetic material required. 

2. Function of the Field Coils. — It is the function of 
the main field coils to supply the magnetomotive forces neces- 
sary to establish the fluxes through the magnetic circuits. 
Space must be provided not only for the coils but for the cir- 
culation of air arotmd then; in order that they may not over- 
heat. The design of the poles and yoke, therefore, requires a 
knowledge of the field coils, and the space they will need. 
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3. Comparative Magnetomotive Forces Required for 
Parts of the Magnetic Circuit. — The greatest expenditure 
of magnetomotive force in the magnetic circuit of an ordinary 
generator or motor is that required to establish the flux across 
the air gaps between the armature teeth and the pole faces. 
The length of an air gap is usually quite small and therefore 
only slightly affects the size of the machine, but is usually so 
selected that the magnetomotive force expended in the gap 
will bear a certain ratio to the armature reaction per pole. 

A considerable portion of the total magnetomotive force 
must be expended in the armature teeth, the field-magnet 
cores, and the yoke. It is also necessary to supply sufficient 
magnetomotive force to compensate for and to overcome the 
armature magnetomotive forces which interfere with and 
oppose those of the field windings. 

The total magnetomotive force that is required for all pur- 
poses usually bears a certain relation to the armature ampere- 
turns and it may be assumed that in a motor or generator of 
the ordinary radial-pole type, the field excitation in ampere- 
tiuTis per pole will be somewhere from one and one-fourth to 
two times the armature ampere-tiuns per pole. 

4. Materials Used for tlie Magnetic Circuit. — Magnet 
cores and yokes are made from one or more of the following 
metals, the selections being made usually from considerations of 
economy: Cast iron, malleable iron, low-carbon cast steel, 
wrought iron, steel forgings, or sheet-iron or sheet-steel punch- 
ings. 

5. Saturation Curves. — ^The values indicated in the 
sattiration curves shown in Fig. 1 are not to be considered 
absolutely correct, but rather as average values. It is not 
tmcommon to find materials whose properties differ by 10 per 
cent, or more from those shown. The chemical composition 
and the treatment of the irons have much to do with their 
magnetic qualities. In general, the purer the steel or wrought 
iron and the softer it is, the higher will be its magnetic per- 
meability. Chilling lowers the permeability, while annealing 
raises it. Any impurities, such as carbon, which tend to harden 
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the metal usually lower its permeability, and those elements 
that tend to soften the metal, when present in small quantities, 
either cause no appreciable change or tend to raise its 
permeability. 

The saturation curves, Fig. 1, indicate the practice of one 
designing oflSce, and relate to the magnetic properties of soft 
gray-iron castings, low-carbon steel castings, and unannealed 
and annealed steel punchings. Wrought iron is not ordinarily 
used because it is not so economical as cast steel or sheet steel, 
whose magnetic properties it resembles. Malleable-iron cast- 
ings are used only for very small machines. 

The curves show the niunber of ampere-turns which must be 
supplied for each inch of length of the material magnetized at 
various densities, measured in lines per square inch of cross- 
section of the magnetic circuit. It is not uncommon for the 
density at the tooth roots to be 120,000, 130,000, or even 
160,000 lines per square inch. The saturation curve for 
annealed sheet steel is continued on the upper part of Fig. 1 
from 200 to 2,000 ampere-turns excitation per indi. 

6« Comparison of Properties of Cast Steel and Cast 
Iron. — ^The magnetic properties of cast steel are much better 
than those of cast iron, but as cast iron is more readily molded 
into intricate shapes and is more easily available, cast iron is 
sometimes employed. The cost of steel castings per pound 
is not usually as much as double the cost of iron castings; and 
as steel is somewhat more than twice as good magnetically as 
iron, steel is the more economical. It is, therefore, the more 
extensively used, even though, because of its high melting tem- 
perature, it is difficult to mold and is subject to greater shrinkage 
than iron. 

V Where lightness is desired, as in the frames of railway motors, 
cast steel, pressed sheet-steel, or punchings, are necessary. 
Sheet-steel punchings may be readily assembled and riveted 
together into parts having rectangular sections with com- 
parative economy, because the parts so made do not require 
machining. The use of punchings for the construction of pole 
pieces is very common. The magnetic flux does not change 
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rapidly through the poles or yoke and when these parts are 
made of sheet-steel ptinchings, the laminations may be riveted 
together without objectionable eddy currents being set up. 

7. Fonn of Magnetic Circuit. — ^The usual form of the 
frame for a direct-current generator or motor consists of a cir- 
cular yoke having inwardly projecting poles on which the field 
coils are placed. In Fig. 2 is shown a bipolar magnet frame of 
this construction. 

The magnetic lines, in passing through the magnetic circuit, 
traverse all possible paths. For purposes of estimating the 
magnetomotive forces necessary to maintain flux in a magnetic 
circuit, it is castoniary to approximate the position of the 
mean path; that is, the average 
between the shortest and the 
longest paths. The dotted lines 
in Fig. 2 indicate approximately 
the positions of the mean path. 
It will be noticed that the flux 
leaves the armature, enters the 
south pole piece and divides at 
the yoke, half returning to the 
north pole piece through one side 
of the yoke and the other half 
returning through the other side. 
This is very much the same as the division of the flux in the 
armature core, and, like the armature core, the yoke section on 
one side need only be .sufficient to accommodate one-half of 
the flux in one of the pole pieces. 

8. Proi)ortlonlng the Yokes and Poles. — In propor- 
tioning the magnet yoke and poles, there is no fixed rule to 
follow to determine the amount of space to be allowed for the 
field coils. If the coil space is excessive, the length of the poles 
makes the diameter of the machine too great, and the weight 
and cost of the poles and yoke are increased. On the other 
hand, too small a coil space causes the field copper to be crowded 
and its radiating area to be decreased. This usually requires 
that the losses within the coil must be decreased, which, with 
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the same excitation, can only be done by increasing the quan- 
tity of copper in the coil, A very short coil becomes very deep, 
and requires a greater average length of wire to encircle the 
pole so that the weight of the copper is in this way still further 
increased. 

9, If the field excitation, in ampere-tiuns per pole» is 
assumed to be from one and one-fourth to two times the arma- 
ture reaction in ampere-tiuns per pole, then the coil space, 
measured radially along the pole, should bear some relation to 
the pole pitch, measured along the armature surface. 

In the general type of machine shown in Fig. 3, the coil 
space a should be within the broad limits of from 40 per cent. 

to 76 per cent, of the 
pole pitch b. In a small 
bipolar machine of such 
proportions as that 
shown in Fig. 2, it is 
best to make the coil 
space rather less than 
40 per cent, of the pole 
pitch; the figure shows 
it about 25 per cent. 

Magnet frames that 
are to be equipped with 
commutating poles 
should have a somewhat 
greater proportionate 
field-coil space than 
frames without commutating poles. With frames of six poles 
and over, it should be satisfactory to make an allowance for 
the coil space of from 50 to 60 per cent, of the pole pitch for 
machines without commutating poles, and from 60 to 75 per 
cent, for those with commutating poles. 

10. Distribution of Magnetomotive Forces for the 
Ma^gnetic Circuits. — The mean paths of six magnetic cir- 
cuits are indicated in Fig. 3 by dotted lines. Each path is 
through two magnet cores and hence is encircled by two exciting 
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coils, each of which must supply half of the excitation required 
by the complete magnetic drctiit. Thus, the coil on the upper 
vertical magnet CQre must supply the magnetomotive force 
expended in forcing the fluxes of the two magnetic circuits 
c, d, e, /, and g, fe, i, / from the lines kl and km through the 
yoke to the upper part of the magnet core, down through the 
magnet core, across the air gap, through the teeth, and 
through the armature core from the bottom of the teeth to 
the lines kl and km. 

In like manner each of the coils on the six poles may be con- 
sidered as suppljdng magnetomotive forces for the correspond- 
ing portions of the adjacent magnetic circuits. 



LEAKAGE FLUX 

11. Coefficient of Magnetic Leakage. — ^The field coils 
not only establish the fluxes along the paths, or routes, through 
the steel, but they also establish fluxes along all other possible 
routes between any and all points of different magnetic poten- 
tial. These stray fluxes add very little to the useful ones that 
enter the armature and develop the electromotive force, but 
they add materially to the fluxes through the pole pieces, mag- 
net cores, and yoke. 

The excess of flux in the magnet cores over the flux passing 
through the armature is termed the magnetic leakage, and the 
ratio of flux in the magnet cores to that in the armatiu^ is 
called the coefficient of magnetic leakage. Usually the coefficient 
of magnetic leakage is nearly the same for a certain type of 
magnet yoke regardless of the size. In practical designs it 
varies from 1.05 to 1.20, which means that the leakage flux 
varies from 6 per cent, to 20 per cent, of the usefxd armature 
flux. 

12. Allowance for Magnetic Leakage. — It is impossible 
to prevent magnetic leakage, but to make allowance for it, 
the sectional areas of the poles and yoke must be increased to 
make them of suitable size to accommodate the correct total 
flux passing through them. 
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13« Assumptions Relating to Magnetic Leakage. 

Fig. 4 shows a part of the frame shown in Fig. 3, indicating the 
paths of the leakage flux by dotted lines drawn between the 
pole pieces. The value of the leakage flux is proportional to 
the magnetomotive force that produces it, and inversely propor- 
tional to the length of the path or route. Thus, the flux density 
along the portion a 6 of the magnetic circuit a, 6, c. d depends 
on the magnetomotive force acting between the points a and b. 
Along the complete magnetic circuit a, 6, c, d, there are displayed 




Fig. 4 



as many ampere-turns as there are amperes in all of the con- 
ductors in the shaded part of the coils e and /. If from the 
number of these ampere-tvuns that are required for the whole 
circuit a, 6, c, d are deducted those required to maintain the 
flux in the iron from 6, c, d to a, the remaining ampere-turns 
will be the magnetomotive force that establishes the flux from 
a to 6 through the leakage path. 

The density of the leakage flux will be greatest in the space 
between the pole tips of adjacent poles because the air path 
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is shortest and the path of the leakage flux is linked with all of 
the ampere-turns of coils e and /. It is customary, for purposes 
of calculation, to assume that all of the leakage flux in the air 
path is established between the tips of the poles. 

14. Relation Between Field Flux and Armature Flux. 

In calculating the densities in the magnetic circuit, the arma- 
Hire flux, as it is sometimes called, is computed from the for- 
mula of Art. 2 J Design of Direct- Current Machines , Part 1. 
The flux so obtained is assumed to pass through the armature 
core, teeth, and air gap. The field flux is obtained by mxilti- 
plying the armature flux by the leakage coefiScient and this 
flux is assumed to pass through the poles and yoke. 

15. Leakage Constant, or Factor, Without Com- 
mutatlng Poles. — ^Tests and calculations relating to leakage 
flux show that it may be assimied that each ampere-turn on a 
pole will establish from 4 to 5 leakage-lines on each side of the 
pole for each inch of the length of pole piece parallel to the shaft 
plus a distance equal to that between the pole tips of one pair 
of poles. This extra distance is added to the length of the 
pole pieces to allow for the spreading out of the lines at the 
ends of the poles. It is also assumed that the excitation of each 
coil establishes the leakage fluxes between the side of the pole 
and a plane midway between the adjacent pole pieces, the 
position of one of which is indicated by the line g A, Fig. 4. 

In Fig. 4, suppose that each pole piece is 10 inches long and 
that the pole tips are 4 inches apart; the effective length of the 
pole piece, parallel to the shaft, may be taken as 14 inches. 
Assume that 4^ leakage lines on each side of the pole per inch 
of this effective length are set up by each establishing ampere- 
turn on the coil, then the leakage flux per establishing ampere- 
turn per pole for each side of the coil will be 4jXl4 = 63 lines. 
For both sides of the pole, the leakage flux per ampere-turn per 
coil will be 126 lines and for 6 poles will be 126X6=756 lines. 

The factor 756 lines may be considered as a constant for the 
frame, and may be termed its leakage constant, or factor. To 
obtain the total leakage flux, it is necessary to multiply the 
leakage constant by the ampere-turns per pole active in setting 
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up the leakage flux. The calculation of these ampere-turns 
will be explained later. 

16. Leakage Flux With Commutating Poles. — ^When 
commutating poles are used, the length of the magnetic leakage 
path in air is shortened, as indicated in Fig. 5. The magneto- 
motive force required to establish the leakage flux across the 
main or commutating poles may be entirely neglected because 
these are of iron of high permeability. 

The excitation of the coils on the main poles causes the leak- 
age flux from one side of a main pole to pass from the surface i 
of the' north pole through the air to. the surface / of the com- 
mutating pole/ through the pole, out of surface k, through the 
air to the stirface / of the adjacent south main pole. These 
surfaces include the whole sides of the poles. 

The excitation of the coils on the commutating poles causes 
their leakage flux to pass out of the surfaces / and fe, through 
the air paths and into the surfaces i and / of the main poles, 
through the main poles and across the air paths to the commu- 
tating poles beyond these main poles. In each case the air 
paths for these leakage fluxes are practically the same. 

17, Suppose that the coil m on the commutating pole, 
Fig. 5, has A ampere-turns available for establishing leakage 
flux and that coils e and/ each have B ampere-turns establish- 
ing leakage flux. The ampere-tiuns establishing leakage flux 
from the commutating pole A^ to the main pole N are equal 
to the difference between A and By while the ampere-turns 
establishing the flux between the commutating pole N and the 
main pole 5 are the sum of A and B. If Ki is the leakage con- 
stant for one commutating pole, the leakage flux between the 
surfaces ; and i will be Ki (A —B). Likewise, the leakage flux 
between the surfaces k and / will be Ki (A+B), The total 
leakage flux for both sides will be Ki (A-B)+Ki (A+B) 
=2KiA, 

The leakage flux 2KiA is the same as would have occurred 
had B been zero, and hence it follows that the total leakage 
flux due to the excitation of the coils on the commutating poles 
is not influenced by the excitation on the main poles. This is 
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so becatise the assistance rendered on one side of the com- 
mutating pole by the excitation of the coil on the adjacent 
main pole is equal to the opposing influence of the excitation 
of the coil on the adjacent main pole 6n the other side of the 
commutating pole. 

18. The leakage constant for both main and commutating 
coils may be estimated by allowing from 6 to 7 J magnetic lines 




Pig. 5 



for each side per ampere-tum and per inch of effective length 
of pole piece parallel to the shaft, making allowance for fringe 
of lines at the ends. 

For example, if the main pole pieces, Fig. 6, are 10 inches long 
parallel to the shaft and the distances between the tips of adja- 
cent main pole pieces is 4 inches, the effective length of the 
main poles will be taken as 14 inches. The commutating poles 
are 1 J inches thick and 7 inches long, and if 2 inches is allowed 
for spreading of the lines at the ends of the poles, the effective 
length of the commutating poles will be taken as 9 inches. The 
main-pole leakage flux, for a frame without commutating poles. 
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is assumed to be 4i lines per ampere-turn per inch of effective 
length of main pole, as in the case indicated in Fig. 4. The 
leakage constant for both main and commutating poles, Fig. 5, 
is assumed to be 7 lines per ampere-turn per inch of effective 
length of commutating pole. 

The effective length of the commutating poles, 9 inches, mtd- 
tiplied by 7 lines equals 63 lines per ampere-turn and per side, 
or 126 lines per ampere-turn per commutating pole. For the 
main poles, 9 inches of the 14 inches effective length have 
7 leakage lines per ampere-turn and per inch, and the other 
5 inches have 4 J lines per ampere-turn and per inch, or (9X7) 
+ (5X4J) = 85.5 lines per ampere-turn per main pole per side, 
and for both sides 171 lines per ampere-turn per pole. For 
six poles the leakage factor for the frame with commutating 
poles will be 17lX6 = /,0;^ lines. The leakage factor for a 
similar frame, but without commutating poles, was found to be 
756, so that the leakage factor has apparently increased 
'^VsV^* X 100 = 36 per cent., nearly. 

19. With commutating poles, however, the excitation of 
the main poles is usually much less than without them, hence 
the total magnetic leakage flux, which is the product of the 
leakage factor and the ampere-turns of excitation that establish 
the leakage flux, may be very little changed by adding the 
commutating poles. 

20. The flux in the main poles affects the armature as a 
whole and it is convenient to consider the total flux in all ntiain 
poles. On the other hand, the fluxes of all the commutating 
poles are not added together for any purpose; hence, the flux 
for one commutating pole is more convenient to consider. 
Likewise, the leakage factors have been computed as applying 
to all main poles for the main flux, and to one commutating pole 
for the commutating flux. 



Digitized by 



Google 



59 



DIRECT-CURRENT MACHINES 



13 



ABMATURE REACTION 

21. Grouping of Conductors. — ^By armature reaction 

is meant the magnetic effect that the current in the armature 
winding has on the magnetic field in which the armature rotates. 

The conductors of an armature that carry current from 
brush to brush may be considered as being divided into as many 
groups as there are poles on the frame, the direction of the 
currents in all conductors of a group being the same. 

Fig. 6 shows, between the radial lines a b and c d, the armature 
slots in which the conductors of a group are located. The 







Fig. G 



radial lines are drawn midway between the pole piece shown 
and adjacent pole pieces. There are 12 slots between the radial 
lines, making 12 slots per pole. 

In Fig. 6 and those following, the directions of the currents 
in the conductors of each slot are indicated by the small circles 
below the slots. A full-black circle indicates a current away 
from the observer, or downwards, and a dotted circle, a current 
toward the observer. Slots and 12 are directly on the center 
lines between poles and are represented in Fig. 6 as having no 
current in the conductors located in them, but the direction of 
the current in all of the conductors in the other slots of this 
group is downwards. 

22. Magnetx>niotive Force of Conductor Groups. 

For purposes of general calculation, let it be considered that 
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the conductors in all of the 12 slots per pole are active, and that 
the sum of the currents in the conductors of each slot is 
500 amperes; this is equivalent to the product of the current 
in each conductor and the number of conductors per slot, or, 
as it is stated, 500 ampere-conductors per slot. For the group 
of 12 slots, there will be 12X500 = 6,000 ampere-conductors. 

The magnetomotive forces of this group of conductors set 
up magnetic swirls, and if there is no interference by other 
magnetomotive forces these swirls will be symmetrical around 
the group. The path of the largest swirl, shown in Fig. 6, will 
be up the tooth A, through the air, across the pole, through the 
air, down the tooth L, and through the armature core back to 
tooth A. This swirl will be linked with the conductors in 
11 slots; therefore, the magnetomotive force that establishes 
the flux of the swirls will be 1 1 X 500 = 5,500 ampere-ttims. 

It will be convenient to consider these 5,500 ampere^tums 
as divided into two parts; 2,750 ampere-turns acting to estab- 
lish a flux passing outwards in tooth A and 2,750 ampere-turns 
acting to produce a flux inwards in tooth L. 

In a similar manner the swirl that passes up through tooth B, 
across the pole, and into the symmetrically located tooth K 
will be linked with the ampere-turns of 9 slots, and the mag- 
netomotive force establishing the flux will be 9X500 = 4,500 
ampere-turns, or 2,250 ampere-tums acting outwards through 
tooth B and inwards through tooth K. In a similar manner 
the magnetomotive forces expressed in ampere-tums have been 
calculated for the positions of the other teeth and the values 
are indicated in Fig. 6 for positions AtoL. 

23. Symmetrical Arrangement of Armature Fluxes. 

If armature currents alone are active, a symmetrical arrange- 
ment of the lines of force will be produced approximately similar 
to that indicated in Fig. 7. It will be noticed that the left side 
of the pole is south and the right side north, as indicated by 
S and AT, while the teeth AtoF are north poles and those 
from G to L are south poles. The magnetic effect of the group 
of conductors from A \jo L on the armature is to establish a 
north pole about the line a h and a south pole about the line c d. 
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The magnetomotive force of these poles at the teeth A and L, 
Fig. 6, is 2,750 ampere-tums at the instant shown. Were aU 
of the group of 12 slots considered active, the armature ampere- 



12X500 
turns per pole would have been =3,000. 



It is cus- 



tomary in calculating the armature reaction per pole to 
consider all conductors as active. Thus, because the group of 
conductors supply the magnetomotive force of two poles, 
numerically the armature reaction per pole is always a half of 
the ampere-conductors per group. 

Fluxes between slots are also indicated in Fig. 7; the mag- 
netomotive forces establishing these vary from zero, at the 
lower side of the bottom conductors, to 500 ampere-tums 




at the upper side of the upper conductors and above them. 
The slot flux is the same for all slots, as each has the same estab- 
lishing magnetomotive forces; therefore, considered as a whole, 
the path of the slot flux may be taken as passing up through 
the tooth A and crossing successively the slots 1 to 11, return- 
ing downwards through tooth L and the armatiire core. 

The flux established between the teeth F and G and the pole 
is low, because the magnetomotive forces at these positions 
are low, as indicated by the values shown in Fig. 6. The flux 
is greater between the pole and the teeth E and H, Figs. 6 and 7, 
and still greater between the pole and the teeth D and /, because 
of the increased magnetomotive forces at these positions. 
Between the pole and the successive teeth C,B,A, and J, K, L 
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the air path increases in length; and, even though the mag- 
netomotive forces are also increased, the fluxes established 
between the teeth and the pole may not necessarily be increased 
at the successive positions C to A or y to L. 

24. Resultant of Field and Armature Fluxes. — In a 

generator under load, the magnetomotive forces of the field 
coils and of the armature windings are both active, and the 
approximate positions of the paths of the resultant fluxes are 
indicated by the dotted lines in Fig. 8. 

The reason for the distortion of the flux emanating from the 
pole face may be tmderstood better by a consideration of the 
corresponding values of the field magnetomotive force and 




the armature magnetomotive force for each of the positions of 
the various teeth between lines a b and c d, Fig. 9. 

Suppose that the magnetomotive force of the exciting coil on 
the north main pole is assumed to impress 3,000 ampere-turns 
between the pole piece and the armature teeth. Between the 
pole and tooth A, Fig. 9, there will then be a field magneto- 
motive force of 3,000 ampere-turns acting downwards, and 
an armature magnetomotive force, shown in Fig. 6, of 2,750 
ampere-turns acting upwards, leaving a net magnetomotive 
force, acting downwards, of 250 ampere-turns, as indicated in 
Fig. 9; the effect, however, of the south pole on the left (not 
shown) is to cause some lines to pass from tooth A toward 
the left to the south pole. In a similar manner the other 
resultant magnetomotive forces are calculated. 
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In the case of teeth G to L, the field and the armature 
magnetomotive forces agree in direction, and the values are 
added to determine the resultant magnetomotive force active 
in each tooth; the results of the calculations are as indicated 
in Fig. 9. 

The spacing of the lines of force in Fig. 8 shows that a flux 
of low density is produced at the left end of the north-pole piece 
where the ampere-turns impressed between the pole face and the 
teeth are small, and that it gradually increases to a flux of 
much higher density at the right end because of the increasing 
impressed magnetomotive forces. 

25. Development of Torque. — ^Another important effect 
indicated in Fig. 8 is that the lines of force at any position in 




passing from the pole face to the teeth cross the air gap at an 
inclination to a radial line through the position. 

At tooth D, Fig. 9, the resultant magnetomotive force is 
1,750 ampere- turns, while at tooth E it is 2,250. A magnetic 
line emanating from the pole face. Fig. 8, at a point opposite the 
middle of slot ^ will pass down through tooth E because of the 
greater magnetomotive force active between the pole face and 
tooth f. Other lines emanating from the pole face well over on 
the D side of midpoint position will also pass down through 
tooth E and thus cause the lines of force over the slot to slant. 
The same inequality of magnetomotive forces exists between 
any two adjacent teeth; therefore, the inclination of the lines 
will occur over every slot under the pole face. The lines of 
force in spreading to fill all of the region of the air gap will 



Digitized by 



Google 



18 DESIGN OF § 59 

slightly incline over the teeth as well as over the slots. Mag- 
netic lines of force tend to shorten themselves, thus acting like 
stretched elastic bands; hence, these inclined lines exert a torque, 
or twisting force, upon the armature in the direction indicated 
by the large arrow in Fig. 8. 

26. Relation Between Total Masrnetomotive Force 
and Total Flux. — The armature magnetomotive forces, indi- 
cated in Fig. 6, are symmetrically placed about slot 6 midway 
between the limit lines a h and c d. The teeth to the left of 
slot 6 have the same values of magnetomotive forces acting 
upwards that the corresponding teeth to the right of slot 6 
have acting downwards. 

If the pole piece is so located that its center line coincides 
with the center line of slot 6, as is the case in Fig. 6, there will 
be on the armature exactly as much armature magnetomotive 
force assisting the pole flux on the right of slot 6 as there is 
opposing it on the left. 

The armature currents in this position of the pole piece do 
not affect the total magnetomotive force of the field coil, and were 
the flux in every tooth proportional to its magnetomotive force, 
the total flux leaving a north-pole face or entering a south-pole 
face would not be changed. Flux in air is always strictly pro- 
portional to the magnetomotive force, but in iron, because of 
magnetic saturation, this is not true. Tooth densities as high 
as 140,000 to 150,000 lines per square inch may be used, and 
the curves in Fig. 1 indicate that such values represent high 
saturation. 

27. If magnetic saturation of the teeth is encoimtered in 
the case indicated in Fig. 9, then the flux in every tooth will not 
be directly proportional to its magnetomotive force. Without 
the interference of any armature currents, the field magneto- 
motive force of 3,000 ampere-turns would be impressed at 
every tooth. With armature currents, the teeth having mag- 
netomotive forces greater than 3,000 ampere-turns will not have 
proportionately greater fluxes established in them, while the teeth 
with magnetomotive forces correspondingly smaller than 3,000 
ampere-turns will have proportionately lower fluxes. The total 
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fltix, therefore, with the same field excitation, will be less when 
there are armature currents than when there are none. 

The effect of the armature currents is to shift the flux as 
shown in Fig. 8, and this action by causing excessive tooth den- 
sities in some of the teeth tends to increase the magnetic reluc- 
tance of the armature teeth, considered as a whole, to the 
passage of the main-field flux, and this results in a lessened flux. 

In a machine with fixed excitation, such as a shunt-wound 
motor, less flux is established at full load than at no load. To 
maintain the field flux in such a machine, the excitation must 
be greater at full load than at no load. It is not a simple matter 
to calculate the magnetomotive force that must be added to 
the field excitation to compensate for armature reaction, but 
ordinarily it is less than 10 per cent, of the armature ampere- 
turns per pole. 

28. Masrnetic Effect of Cliaiigliig the Lengrth of the 
Alp Gap. — ^The interference of armature currents with the 
main-field flux may be prevented by means of compensating 
pole-face windings as stated in Direct- Current Generators, or it 
may be controlled by using an air gap of suitable size between 
the main pole and the armattu^. 

Suppose that in Fig. 9 the length of the air gap be changed 
in three machines so that the magnetomotive forces, consid- 
ered as stated in Art. 24, necessary to establish the fluxes across 
the gaps are 3,000 ampere-turns in the first; 2,000 ampere-turns 
in the second ; and 1 ,000 ampere- turns in the third case. Assume 
that the armature ampere-turns have the values indicated in 
Fig. 6. Consider tooth 7, Figs. 6 and 9, to be under the strong 
pole tip in which there are 1,750 armature ampere-turns 
assisting the field excitation. Then, under no-load conditions, 
the field excitation in this tooth may be considered as equivalent 
to 3,000, 2,000, and 1,000 ampere-turns, respectively, for the 
three cases. Under load, 1,750 ampere-turns will be added, 
making the excitation at this tooth 4,750, 3,750, and 2,750 
ampere-turns, respectively. 

The increase in excitation in the first case from no load to full 
load is from 3,000 ampere-turns to 4,750, or 58.3 per cent. ; in 
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the second case it is from 2,000 to 3,750, or 87.5 per cent. ; and 
in the third case, from 1,000 to 2,750, or 175 per cent. 

The shifting of the main flux is greatest when the magneto- 
motive force expended in the air gap is least. If the teeth are 
reasonably saturated at no load with 3,000, 2,000, and 1 ,000 field 
ampere-tums, respectively, then the saturation will be extreme 
when these quantities are increased 58.3 per cent., 87.5 per 
cent, and 175 per cent. 

29, Field Excitation to Compensate for Flux Slilft. 

The ntunber of ampere-tums that must be added to the field 
excitation to maintain the same field flux at full load as at no 
load in the three cases under consideration will be approximately 
proportional to 58.3 per cent., 87.5 per cent., and 175 per cent. ; 
and these quantities bear the ratio of 1, IJ, and 3. In the first 
case, the added ampere-tums will be from 3 to 8 per cent, of 
the armature ampere-tums per pole, depending upon the 
densities in the teeth and their length; in the second case, they 
will be from 5 to 12 per cent. ; and, in the third case, from 9 to 
24 per cent. 

The armature magnetomotive force totals 3,000 ampere- 
tums per pole, and the ratio of the armature ampere-turns per 
pole to the air-gap ampere-tums per pole is 1, 1}, and 3 in the 
three cases. 

In order to obtain a general expression, it may be stated that 
the ampere-tums to be added to the field excitation to com- 
pensate for armature interference is equal to from 3 to 8 per 
cent, of the square of the value of the armature ampere-tums 
per pole divided by the gap ampere-tums per pole, or, expressed 
as a formula, 

added ampere.tums..03 to .08 x (^^^"^ ampere-tums per pole) » 

gap ampere-tums per pole 

The value of the right-hand member and of the equation may 

be increased by using values of gap ampere-tums per pole 

obtained by shortening the air gap, and may be decreased by 

using values obtained by lengthening the air gap, since the value 

of the gap ampere-tums is in the denominator of the fraction, 

and this value is lessened if the air gap is decreased, and increased 

if the air gap is lengthened. By selecting a suitable length of 
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air gap, the ampere-turns necessary to be added to compensate 
for armature interference may be kept below 10 per cent, of the 
armature ampere-tiims per pole. 

30. Magnetic Effect of Change in Brusli Position. 

It was assumed in Fig. 9 that the group of armature conductors 
are sjmMnetrically placed with respect to the pole, in that the 
center line of the pole is identical with the center line of slot 6, 
midway between the limit lines a b and c d of the group of con- 
ductors. All of the conductors in a group carry current in 
the same direction, hence these limit lines indicate the positions 
where the currents in the armature conductors are reversed. 
The current in an armature conductor reverses only when the 
commutator segments to which the conductor is connected 
pass into contact with a brush; and the location of the limit 
lines a b and c d\s dependent upon the position of the brushes 
on the commutator. Usually the brushes are arranged so that 
they may be adjusted; and in machines without commutating 
poles, the brushes are commonly shifted in position to assist 
the commutation. 

When the brushes of a motor or a generator are shifted to 
assist commutation, it is always in the direction of the shift 
of the field fltix and opposite in direction to the torque as indi- 
cated by the arrow in Fig. 8. Suppose the brushes were given 
a lead, which for convenience in calculating may be taken as 
one slot pitch. The lines a b and c d, Fig. 9, would each be 
moved one slot to the right. The effect would be exactly the 
same if the pole on the diagram was shifted one slot to the left 
as shown by the dotted lines. Fig. 9. 

The ntimber of ampere-turns establishing the flux along any 
tooth in Fig. 9 is 500 ampere-turns greater than that along the 
next tooth to it on the left; hence, if the pole was shifted from 
full-line position to the dotted-line position, one tooth pitch to 
the left, then the ampere-turns that establish fltix along each 
tooth under the pole for the full-line position will be 500 ampere- 
turns more than are active along a similarly located tooth imder 
the pole for the dotted-line position. If the magnetomotive 
force of each tooth under the pole is reduced 500 ampere-turns 
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then that of the whole pole is reduced by a like amount, and 
the effect is the same as though the excitation of the whole 
field coil were reduced 500 ampere-tums. 

The effect of an angular brush shift of more or less than a tooth 
will be proportional to the angle of the lead, because the arma- 
ture in revolving occupies the positions shown in the diagrams 
only for an instant, and the total m'agnetic effect must be an 
average of the effects in a ntmiber of successive positions. 

31. In Fig. 9 a shift of one tooth pitch in the position of 
the bpushes caused a reduction of 500 ampere-tums in the 
excitation of the whole field coil. As there are twelve slots per 
pole, the shift is iV of the pole pitch. There are 3,000 arma- 
ture ampere-tums per pole and a reduction of 500 ampere-tums 
is i of the armature ampere-tums per pole. Thus, a shift of 
iV of a pole pitch produces a reduction of the excitation of the 
whole field coil equivalent to i of the armature ampere-timis 
per pole. The fraction J is double the fraction iV that repre- 
sents the angle of shift, hence it is sometimes stated that the 
opposing ampere-tums are those that lie **within the double 
angle of lead." 

Since the armature ampere-tums which lie within the double 
angle of shift of the bmshes directly oppose the magnetomotive 
force of the field flux, they are often called the back ampere- 
turns or demagnetizing ampere-turns of the armature. 

32. Should the bmshes be shifted in the direction of the 
torque, the armature ampere-tums within twice the angle of 
the shift would assist the field excitation. This assistance will 
increase and decrease with the armature, or load, currents; 
and the effect of this brush movement on the field excitation 
is much the same as an added series-field winding. 

33. In machines equipped with commutating poles there 
is no occasion to shift the brushes, and they are therefore set 
at the neutral position. The brush shift is zero and there can 
be no armature back ampere-tums. In machines without com- 
mutating poles, the brush shift may be enough to bring the coil 
tmder commutation under the weak pole tip. If the per- 
centage of the amiature covered by the poles is 75 per cent., 
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then the neutral space will be 25 per cent, of the pole pitch. 
From the neutral position to the pole tip will then be 12§ per 
cent, of the pole pitch. The brush shift is usually less than 
from the neutral position to the pole tip, and is not often over 
10 per cent, of the pole pitch. With a brush shift of 10 per cent. 
of the pole pitch, the armature back ampere-turns will be 20 per 
cent, of the armattu-e ampere-turns per pole. 

34. Effect of tlie Armature Flux on Sliort-Ctreuited 
Coil. — ^The magnetic fluxes established by the armature cur- 
rents in the region between the poles are important because of 
their influence on those coils that are short-circuited by the 
brushes. 

In Fig. 10 are shown two main poles N and 5, each having a 
field coil in which a current is established, there being no cur- 




Fic. 10 



rent in the armatiu^ conductors at this time. Fig. 11 shows 
the same poles, but the armature conductors are now repre- 
sented as carrying current, except the conductors in slot IS, 
which form part of a coil or parts of coils short-circuited by the 
brushes. By comparing these two diagrams, particularly in 
reference to the flux established in the teeth L and M, it will 
be noticed that in Fig. 10 tooth L receives a small number of 
lines from the pole N while an equal nxmiber of lines pass from 
the tooth M to the pole 5. 

In the rotation of the armature, conductors moving in the 
region from slot 11 to slot 13, Fig. 10, would encounter few lines 
of force, and these would be half downwards and half upwards. 
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so that their effects would be largely neutralized. The slot 12, 
therefore, may be considered as in a true neutral region. 

35. Under the conditions shown in Fig. 11 there will be 
established, by the combined action of the currents in the 
field coil and in the armature conductors, a considerable num- 
ber of magnetic lines passing downwards through the teeth L 
and M. The' currents in the conductors in slots 9y 10, and 11 
also tend to send lines of force across these slots and down 
tooth L. The flux established across the slots 16, 14, and 13 
is reversed in direction, because the currents in the conductors 
are opposite to those in the conductors 9, 10, and 11; there- 








fore, the slot flux on the right of slot 12 passes downwards 
through the tooth M. Thus, in Fig. 11 there is a considerable 
downward flux in teeth L and M. 

In Fig. 11, the armature is assumed to be stationary and the 
current to be supplied to it from an outside source. In such a 
case the coils short-circuited by the brushes would have no 
current in them and there would be no current in the con- 
ductors in slot 12. 

36. If the armature is now assumed to move, the flux 
through teeth L and M, indicated in Fig. 11, in passing into 
the teeth that come successively into those positions will cut 
across, or be cut by, the conductors moving through the posi- 
tion now occupied by slot 12. An electromotive force will 
be generated in the conductors of slot 12, and the current 
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established in these short-circuited conductors will force some 
flux across slot 118, 

The direction of the currents established in the conductors 
of slot 1£ will depend on the direction of rotation of the armattu^. 
In Figs. 12 and 13 is shown a complete magnetic circuit of which 
a part is indicated in Fig. 11. In Fig. 12 the rotation is to the 
right or opposite in direction to that of the torque; hence, 
mechanical energy is required to drive the armature and the 
action is that of a generator. 

The conductors of a short-circuited coil that are located on 
or near the limit line cd will have downward electromotive 




Fig. 12 

forces induced in them which will establish downward currents 
as indicated by the conductor on the line c d, Fig. 12. 

In Fig. 13 the direction of rotation is the same as that of 
the torque; therefore, the machine is developing mechanical 
energy and is acting as a motor. The electromotive forces now 
induced and the currents established in the conductors of the 
short-circuited coil that are located on or near the center line, 
are now upwards, as indicated by the conductor on line c d. 
Fig. 13. 

37. Effects of the Ciirrent in the Short-Cireuited 
Ck>il. — ^The magnetic effects which the currents in the short- 
circuited coils exert on the flux from the main poles may be 
noted from Figs. 12 and 13. One complete mean magnetic 
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circuit, as indicated by the dotted lines, includes the conductors 
on one side of each of the two field coils and nine slot groups 
of armature conductors. In all of these conductors the cur- 
rents that are upwards in direction tend to drive the flux along 
the mean path in the direction indicated by the arrowheads 
on the dotted lines; the downward currents in the other con- 
ductors within the path oppose the main flux. It should be 
noted that in the case of the generator, Fig. 12, the currents 
in the short-circuited conductors, represented by large circles, 
tend to oppose and to weaken the main flux, while in the motor, 




MoforAct/'on 
Fig. 13 

Fig. 13, the currents in the corresponding conductors tend to 
increase the flux. 

It may be stated, therefore, that the currents in the arma- 
ture coils of a generator, when they are short-circuited by the 
brushes in a position midway between pole tips, tend to weaken 
the main field. In the case of a motor the currents in the coils 
short-circuited by the brushes tend to strengthen the main field. 

38. The currents established in the short-circuited coils 
are objectionable, and it is desirable to prevent them as far as 
possible. They are induced when the short-circuited coil 
encounters flux that is established in the locality of these coils 
by the action of the magnetomotive forces of the armature coils. 
In Fig. 11, the objectionable flux is that shown passing down- 
wards in the teeth L and M. The flux established by the main 
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field coils is passing upwards out of the teeth N^ 0, P, etc. ; 
and, if the brushes were shifted, the coil could be short-circuited 
in the neighborhood of the position of a tooth in which the 
upward flux due to the action of the main field coils would 
develop an electromotive force that would assist in neutral- 
izing the electromotive force caused by the objectionable flux. 

The objectionable flux is established by the armature cur- 
rents; therefore, the effects increase or decrease as the load 
increases or decreases when the main-field excitation is a con- 
stant or a nearly constant quantity. 

"With very small or no armature currents, no objectionable 
flux is established and the true neutral is on the center line c d, 




Fig. 10. As the armature currents increase, the effect of the 
flux they establish can be neutralized by greater brush shift 
so as to cause the coils to be short-circuited farther from the 
center line. 

39. In Fig. 14 it is assumed that the brushes are shifted 
so that the short-circuited coil occupies the position of slot IS, 
and that the load is such that the effect of the flux established 
by the armature currents is just neutralized by the flux passing 
from the teeth M and N to the pole 5. It will be seen that, as' 
the armaure rotates, conductors in the position of slot 12 while 
passing to the position of slot 14, or in the opposite direction, 
will encounter but comparatively few lines of force. 

It should be noticed that the flux passing from the teeth M 
and N to the pole 5 must be established upwards against the 
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full downward magnetomotive force of the armature. This flux 
cannot be so established unless the field magnetomotive force 
between the pole 5 and the teeth M and N is greater than the 
total armature magnetomotive force for that particular load. 
It is consequently necessary in designing machines intended. tp 
operate without commutating poles to select a length of air 
gap that will require a proper expenditure of field magneto- 
motive force between the pole and the armatiu^. 

40. The effect of the objectionable flux on the short- 
circuited coil may be entirely neutralized by suitably arranged 
commutating poles, and in such a machine the magnetic effects 
of the short-circuited armature currents may be disregarded. 
In machines not equipped with commutating poles, however, 
short-circuited currents will be encoimtered at some loads, 
even though the brushes are shifted. With varying loads, it is 
not considered practical to shift the brushes with every change 
in the load, but the practice is to set the brushes permanently 
in a mean position such that the short-circuited currents encoun- 
tered will not be excessive at any load. In such a machine, 
short-circuited currents whose magnetic effect on the main 
field is as great as from 6 per cent, to 10 per cent, of the mag- 
netomotive force of the armature may be expected. When 
the magnetomotive force of the short-circuited currents is 
greater than 10 per cent, of the armature magnetomotive force 
sparking at the brushes may be encoimtered. 

41. Summary. — ^The foiu* important effects of the arma- 
ture currents upon the main field flux are as follows : 

1 . The inclination of the magnetic lines of force in the air gap 
imder the main poles. This action causes the torque, or twisting 
force, of the armature, and it is the only effect of the armature 
reaction that is essential to the proper action of the machine. 

2. The shifting of the magnetic flux imder the main poles. 
This may be prevented by compensating-pole-face windings 
or it may be reduced by introducing a reluctance in the magnetic 
circuit at or near the air gap of the main poles. Such a reluc- 
tance requires a greater field excitation and increases the cost 
of the machine. 
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3. The demagnetizing action of those armature conductors 
which lie within the double angle of the brush shift. This 
action is not present in commutating-pole machines, becatise the 
brushes are not shifted. The demagnetizing ampere-turns are 
proportional to the load current, and where it is necessary to 
compensate or counteract them series turns may be added to the 
main-field coils. Excepting some slight magnetic leakage effects, 
these demagnetizing turns can jn this way be entirely nullified. 

4. The magnetizing or demagnetizing action of the short- 
circuited currents. These do not exist where properly adjusted 
commutating poles are used. In motors, these currents assist 
the main-field excitation, while in generators they oppose it. 



COMMUTATING POLES 

42. Purpose of tlie Commutating Poles. — If the 

machine is equipped with commutating poles, the effect of the 
tindesirable flux established by the armature magnetomotive 
force may be nullified through a wide range of load, without 
shifting the brushes. These poles are of smaller dimensions 
than the main poles and are placed in the middle of the neutral 
space between the main poles. They are each provided with 
a field coil which is connected in series with the armature in 
such a manner that the magnetomotive force the coil develops 
will directly oppose that of the armature in the region of the 
short-circuited coils. 

In Fig. 15 is shown a diagram of a commutating poleS' mid- 
way between the main poles N and 5. This pole is supposed 
to be supplied with a coil connected in series with the armature 
so that its magnetomotive force will increase and decrease 
exactly as does the armature magnetomotive force. Further, 
the number of turns of wire of the commutating-pole coil is 
such that it will have a somewhat greater magnetomotive force 
than that of the armattire. If the armature has 12 slots per 
pole and on full load there are 500 ampere-conductors per slot, 
the armature magnetomotive force for this group of slots will 
be 3,000 ampere-turns per pole. 
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The full-load excitation of the commutating pole should be 
more than the armature magnetomotive force of 3,000 ampere- 
turns per pole. Assume a value of 3,500 ampere-tums per 
commutating pole; of these, 3,000 ampere-tums oppose and 
nullify the 3,000 ampere-tums per pole of the armature, and 
prevent the armature magnetomotive force from establishing 
any flux in the region of the short-circuited coil. An excess of 
600 ampere-tums is left to establish an equivalent and upward 
flux in teeth L and M , Fig. 16, to nullify the effects of the self- 
induction flux that crosses the slots and passes downwards 
through these teeth. 

43. Armature-Inductance and Self-induction Fluxes • 

It is well to distinguish between the flux established by the arma- 







ture magnetomotive force as a whole and that which is estab- 
lished by a single coil. The armature magnetomotive force 
as a whole does not change as the armature rotates, because as 
conductors are taken from one end of the group others are 
added just as fast to the other end; but it does change as 
the armature currents increase and decrease. Any flux which 
the armature magnetomotive force establishes may be called the 
armature^nduciance flux. 

Any flux, as, for example, that which crosses the slot and 
which reverses as the current in the coil of that slot reverses 
during the process of commutation is established by the mag- 
netomotive force of a single coil and may be termed the indtic- 
tance flux of a coil, or the self-induction flux. 
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Some of the lines of the flux of self-induction which cross a 
slot do not encircle all of the conductors in the slot, and, there- 
fore, in reversing, these lines do not develop so great an electro- 
motive force as those lines which encircle all conductors. It 
is for this reason that the flux established by the commutating 
pole is equivalent and opposite to rather than equal and opposite 
to the self-induction flux. 

It should be noted in Fig. 15 that conductors in the position 
of slot 11 may pass to the position of slot 13 without encoun- 
tering any large number of magnetic lines. 

44. Comparative Lengrths of Commutating Poles 
and Armature Core. — If the commutating pole covers the 
entire armature length, the armature cannot then estab- 
lish any armature-inductance flux in the region of the coils 
tmder commutation, and the commutating pole need only 
establish sufficient flux to nullify the effect of the self-induc- 
tion flux that is established by the changing current in the 
coil during commutation. However, the presence of the com- 
mutating pole immediately over the tops of the teeth, so 
reduces the reluctance as to permit the coils in the slots under 
the commutating poles to establish comparatively large induc- 
tance fluxes. 

It is not absolutely necessary for the commutating poles to 
cover the whole length of the armature core, but this is some- 
times done. If, however, the poles are shorter than the core, 
armature-inductance flux will be established in the tmcovered 
part, and the commutating poles must then establish not only 
enough flux to nullify the effect of the self-induction flux, but 
also enough to counteract the effect of such armature-induc- 
tance flux as is established. At the same time this greater flux 
from the commutating pole must be established through a 
smaller area because of the reduced length of the pole; hence, 
the excitation on the commutating pole mtist be increased 
considerably. 

If the armature coils are drum-wound, or of any other type 
having conductors spaced one pole pitch apart, alternate com- 
mutating poles may be omitted if the remaining poles are able 
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to neutralize the effect of the self-induction of the complete 
coil and to neutralize the effect of the armature-inductance flux 
established in the neutral space where the commutating pole 
is omitted. 

46. Excitation for Commutating Poles. — ^The arma- 
ture- and the coil-inductance fluxes are established through 
comparatively long paths in air without appreciable magnetic 
saturation in steel. These fluxes will vary strictly in propor- 
tion to the excitation establishing them. Also, if the section 
of the commutating pole be made large enough so that it does 
not saturate, the correcting flux established by this pole will 
be strictly proportional to its excitation. But the excitation 
of the commutating pole is proportional to that of the armature, 
because they are connected in series and the same current pro- 
vides both excitations; hence, if the commutating pole estab- 
lishes exactly the correct flux to nullify the effect of the arma- 
ture- and self-inductance fluxes at some one load, it will be 
correct for them at all other loads up to the point where the 
commutating pole saturates and its flux is no longer proportional 
to its excitation. 

46« Percentage of Compensation of Commutating 
Poles. — ^The excess in excitation of the commutating poles over 
that required for armattire reaction is sometimes referred to as 
that required to compensate for the inductance fluxes. If there 
are 3,000 armature ampere-turns per pole and 3,500 ampere- 
turns per commutating pole, the 500 ampere-turns are those 
required for compensation. These are often referred to in per 
cent, of the armature reaction. In this case the compensation 

500 

would be X 100= 16| per cent. 

3,000 ^ 

47. To approximate roughly the compensation, in per cent . , 
required by commutating poles, the following formula may be 
used: 

■^+gc da Ip 
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in which 7 ^ compensation, in per cent.; 

gc = length of the air gap under the commutating poles, 

in inches; 
da = diameter of the armatute, in inches; 
/« = length of the armature core, in inches; 
/p = length, parallel to the shaft, of the commutating 

pole, in inches; 
/>« = number of main poles. 
If there is only one commutating pole for every pair of main 
poles, then the value of 7 must be doubled. 

To illustrate the use of the formula, the following case will be 
considered: A generator armature has a diameter of 36 inches 
and a length of 10 inches. There are 96 slots with four coils 
per slot, or 384 coils. Each coil has one turn and the coils 
form a parallel winding. The machine has 6 main poles; the 
air gap is J inch; and the commutating poles cover 8 inches 
of the 10-inch length of the armature. What is the required 
compensation, expressed in per cent.? 
Substituting values in the formula. 

y = -^X^XJ^X6 = 14.3 per cent. 
A+i 36 

There must be placed on each commutating pole one turn to 

overcome the armature reaction and 14.3 per Cent, of a turn to 

compensate for armature inductance, for every equivalent 

ttuTi on the armature. There are 384 turns on the armature 

and six poles, or 64 turns per pole. As there are 6 paths, each 

armattu-e turn will carry but a sixth of the total cturent, and 

a sixth of 64 or lOf is the equivalent ttims per pole when each 

turn carries the complete armature current. Adding 14.3 per 

cent, to lOf turns will equal 10.67X1.143 = 12.2, turns. It will 

be necessary to put on 13 turns per commutating pole, and if 

the effect of the pole is too strong, some of the current may be 

shimted arotmd the coils. 

48. Surface of Armature Core Covered by Commu- 
tatlng Poles. — ^Authorities differ as to the amount of armature 
surface that should be covered drcumferentially by the com- 
mutating poles. It seems advisable, however, to make the 
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commutating poles wide enough so that the coils short-circuited 
by the brushes will be beneath the commutating poles during 
the entire period of short circuit. It should be sufficient to 
make the angle covered by the commutating pole 50 per cent, 
more than the angle spanned by the brush. In Design of 
Direct-Current Machines, Part 1, it was suggested that the 
brushes for a 125-volt machine should not cover more than 
10 per cent, of the annular space from one neutral point to the 
adjacent neutral point, or its annular equivalent, the pole 
pitch; hence, the polar angle of the commutating poles will be 
ample if made 15 per cent, of the pole pitch. 

49. Total Flux of Commutating Pole. — ^The total flux 
in the commutating pole is made up of leakage from the sides of 
the poles and flux from the end. The leakage flux from the sides 
is established by the total magnetomotive force of the coil on 
the commutating pole, but the flux from the end is established 
by the compensating ampere-turns only. 

The leakage flux may be estimated by allowing from 6 to 
7J magnetic lines per inch length of pole per ampere-turn and 
per side, as explained in Art. 18. An illustration of these cal- 
culations will be given later in connection with the design of 
the 150-kilowatt belted generator. 

50. Advantages of Neutralizing Armature Induc- 
tance. — ^The commutation has been observed to be better when 
there are as many commutating poles as there are main poles 
and where the commutating poles cover all or nearly all of the 
armature length. That is to say, it is well to prevent any 
armature-inductance flux from being established in the region 
of the short-circuited coil. 
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COMMUTATION 



PUBP06E OP COMMUTATION 

51. Commutation is the process that occurs when the com- 
mutator segments in which the ends of a coil terminate come 
into electrical contact with a brush. The process lasts, so far 
as any particular coil is concerned, as long as both of these seg- 
ments are in contact with the brush. During commutation, 
one or more coils of the armature winding are short-circuited by 
each of the brushes, and the currents in these coils are reversed 
as they pass from one side of the brush to the other. The 
brushes also serve to transmit current from the armature wind- 
ings to the line, or from the line to the armattu-e windings. 

Diuing the time a coil is short-circuited by a brush, if its 
face conductors or end connections cut across magnetic flux, 
an electromotive force will be induced within the coil. If 
commutating poles are used and their excitation is properly 
adjusted, an electromotive force may be induced in the coils 
encotmtering^ the commutating-pole flux which will be equal 
and opposite to the electromotive forces induced by other 
fluxes encountered by these coils. Therefore, the electromotive 
force developed by the movement of the short-circuited coil 
will be very low or zero. 

COMMUTATION WITH UNIFORM CURRENT DENSITY IN 
BRUSH CONTACT 

52. Process of Commutation. — ^A portion of a parallel 
ring winding is shown in Fig. 16, but the following explanation 
applies also to a parallel drum winding. Several coils are 
shown connected to commutator segments a to /, the ends of 
each coil being connected to adjacent commutator segments. 
A brush g bears on segments 6, c, d, and e and the three coils 6-c, 
c-d, and d-e are being commutated, but in this case are not 
generating electromotive forces. 

Current +i from the group of coils on the left passes 
through coil a-fe and then divides, part passing directly through 

285-8 
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segment h and brush g, and the remaining part through coil h-c 
and segment c to brush g. The current divides in accordance 
with Ohm's law and in inverse proportion to the resistance 
encoimtered in the two paths. In a similar manner the cur- 
rent — t from the group of coils on the right will divide between 
the parallel paths e to g and coil e-d to g. 

Carbon, graphite, or other high-resistance brushes are used, 
and, therefore, the drop in voltage in a single coil of an armature 
imder full-load conditions is much less than the drop in voltage 
between a commutator segment and a brush, because the resis- 
tance of a coil is very small in comparison with the contafct 
resistance between a segment and the brush. The coil resis- 
tance, therefore, will have but little influence on the distribution 

of current over the con- 
tact surface of the brush, 
and the current density 
in that surface will be 
imiform, which is the 
ideal condition for per- 
fect commutation. 

63. In Fig. 16 a uni- 
form current density in 
the brush contact sur- 
face is assumed, and, at the instant shown, the mica seg- 
ment between c and d is on the center line of the brush contact 
surface. The coil a-fc, at the instant shown, is not under 
commutation, because both of the segments a and h in which 
it terminates are not in contact with the brush. A current 
of +t amperes is in coil a-b and of — i amperes in coil j-e\ 
the + and — signs simply indicate that there is a change in 
the direction of flow of electricity in the coils as they pass from 
one side of the brush to the other. Electricity, is, however, 
flowing toward the brush from the group of coils on either side 
of it, and the current in the brush contact surface is 2 i. 

Since the current density is uniform in the contact surface, 
i amperes pass through the left half of the brush contact area; 
hence, the sum of the currents from segments h and c to the 
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brush must be equal to t, and on the right half of the brush 
contact area the sum of the currents from segments d and e 
must also be equal to i. At the instant shown there is no current 
in the coil c-d. 

Thus, when the mica segment between the terminals of a coil 
is at the entering edge of the brush, the current in the coil is +i 
amperes; it is zero when the mica segment is on the center line, 
and — i amperes when the mica segment is at the leaving edge 
of the brush. In fact, when the current density in the brush 
contact surface is tmiform, the current in any coil such as b-c 
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will decrease at a uniform rate from the time short circuit 
begins until the current in the coil is zero, which, in this case, 
is when the mica segment between its terminals is on the center 
line of the brush contact surface; the current will then increase 
at a uniform rate in the opposite direction tmtil it is full value 
when the mica segment passes out from tmder the brush and 
the short circuit ceases. 

64. Curve Sliowlng Uniform Current Changes. — In 
Fig. 17 the variation of the current in a coil during commutation 
is plotted graphically to scale. Above an axis line h /, a hori- 
zontal line is drawn at a distance representing the current +t 
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amperes. The cxrils pass from left to right and the load cur- 
rent in any coil of a group is assumed to be uniform tmtil short- 
circuiting begins, which occurs when the mica segment between 
its terminals reaches the line k I, The short circuit continues 
until the mica segment passes beyond the line m n. The lines k I 
and m n are separated by a distance equal to the thickness of 
a brush, less the thickness of one mica segment. During the 
short circuit, the current steadily decreases, as indicated by 
the diagonal line, from +i on the line * / to zero on the center 
line of the brush contact surface, where it reverses and increases 
steadily until a value of —i is reached on the line m n. 

The value of the current in any coil imder short circuit may 
be found by erecting a perpendicular through the mica segment 
between its ends and noting where it cuts the diagonal line. 
For example, the current in the coil b-c is indicated by the 
line +ib^. Since the current entering the segment b from the 
coil a-b is +t amperes and the^ current leaving segment b 
through the coil b-c is i6_c, then the current passing from seg- 
ment b to the brush g must be i—ib^. 

The current i—ib-c passes through a brush area equal to the 
product of the distance o and the width of the brush parallel 
to the shaft, or perpendicular to the paper in the diagram. The 
current density in this brush surface will be proportional to 

. If the current line between the lines k I and m n is 

straight, as shown in Fig. 17, then the length of the line o will 
always be proportional to i—ih-c, no matter where the coil 
may be, and the current density, which is proportional to 

, will be the same over the whole surface of the brush. 

In a diagram such as Fig. 17, the condition of perfect com- 
mutation, or of uniform current density in the brush contact 
surface, is that the current line shall be straight dtuing the 
period of short circuit. 
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COMMUTATION WHEN CURRENT DENSITY IN BRUSH 
CONTACT IS NOT UNIFORM 

66. Effect of Generation of Electromotive Force in 
tlie Coil Under Commutation. — ^When the armature coils 
which are under short circuit develop an electromotive force, 
its direction is usually such as to tend to delay or to prevent 
the reversal of the current. Thus, in Fig. 12, the current in 
the short-circuited conductors on the center line c d is in the 
same direction as that in the conductors to its left. But in 
rotating, these short-circuited conductors came from the group 




to the left, hence the short-circuited current is in the same direc- 
tion as the main working current before short circuit started. 
In Fig. 13, also, the current in the short-circuited conductors is 
in the same direction as that in the group of conductors to 
their right, from which these conductors came. 

Fig. 18 shows the current curve p-q-^-s-t for a coil under 
commutation and in which an electromotive force is generated. 
Had there been no short-circuited currents, the current line 
would have been straight between the points p and t. For 
purposes of discussion, that part of the current in the coils that 
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is represented for the various positions of the coil by the ver- 
tical distances between the line h j and the straight line /> /, is 
called the working current and that part represented by the ver- 
tical distances between the lines p-q-^-s-t and pt is called 
the short-circuit current which is superimposed upon the work- 
ing current. The short-circuit current at any point is measured 
by the vertical distance from p t to the current line p-q-r-s-t. 
The short-circuit current is plotted as the curved line p'-q'-r''' 
s'-fy every point of which is the same distance vertically above 
p' i' as p-q-r-s-t is above the straight line p t, 

66. Variation of Current Density in Brusli Contact. 

The presence of the short-circuited currents lowers the current 
density in the contact surface on one side of the brush and raises 
it on the other. This may be more easily understood if numeri- 
cal values are assigned to the conditions indicated in the dia- 
gram, Fig. 18. Let the current t be 20 amperes; the current in 
the brush is 2 1, or 40 amperes. Let the brush measure f inch 
between the lines k I and m n and If inches parallel to the shaft. 
The average current density in the brush contact stuiace will 

40 
then be , or 30.5 amperes per square inch. 

The combined working and short-circuit current in the coil 
b-c at the instant shown may be assumed to be 25 amperes, or 
6 amperes more than the current in the coil a-b. This extra 
6 amperes must, therefore, pass from the brush g into, the seg- 
ment b and thence into the coil fc-c, where it joins the 20 amperes 
from the coil a-fc. Let it be assvimed that the commutator 
segments are each J inch wide and the brush covers just one- 
half of the segments b and e. The contact area between b 
and the brush is then i X If inches = .219 square inch. With 
6 amperes passing through this area, the current density is 
6-^ .219 = 22.8 amperes, but since the current at this point 
is between the brush and the segment, whereas the load current 
is between the segment and the brush, the density may be con- 
sidered negative, or —22.8 amperes per square inch. 

67. The current in the coil c-d at the instant shown is 
about 26 amperes, or 1 ampere more than in the coil b-c. This 
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ampere of current must have passed from the brush to the 
segment c, and the area of this segment in contact with the brush 
is iXlJ inches =.4375 square inch. The current density is 

again negative and is , or —2.3 amperes. 

The current in the coil d-e is 10 amperes, or 16 amperes less 
than in the coil c-d. This 16 amperes must have passed into 
the brush through the segment d, hence the current density 

1 fi 
through this contact area is , or +36.6 amperes per 

square inch. 

The current in the coil e-J is —20 amperes, while in the 
coil d-e it is +10 amperes, or a change of 30 amperes. Or it 
might be stated that the coil d~e has 10 amperes passing in 
the direction of d to e and the coil e-f has 20 amperes passing 
in the direction / to e,» hence out of ^ a current of 30 amperes 
must pass onto the brush g. The Current of 30 amperes passes 
through a contact area of .219 square inch, hence the density 

is , or +137 amperes per square inch. 

58. The addition of short-circuited currents to the working 
current has something of the same effect on the current density 
in the brush contact surface as the addition of armature-induc- 
tance flux has upon the magnetic density in the air gap tmder 
the main poles, in that the condition of uniform density is 
destroyed. The maximtmi current density is encountered at 
the leaving edge of the brush. 

Consider the case of a coil whose mica segment has reached 

the position of the line u v, Fig. 18, which is ^ inch from the 

line m n. The current in this coil will be —5 amperes in the u v 

position and —20 amperes in the mn position, a change of 

15 amperes in ^ inch. This 15 amperes must pass through 

an area equal to ^Xlf inches = 055 square inch, and the 

15 
current density is , or +^3 amperes per square inch. Thus, 

the density becomes higher and higher as the segment is leaving 
the brush. 
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59« Effect49 of Excessive Current Density in Brush 
Contact. — ^When the current density in the edges of the brushes 
and segments exceeds the carrying capacity of the materials of 
which they are made, these edges are damaged or destroyed. 
Sometimes the heat generated actually bums away the carbon 
brush, the current is conducted through the heated gases at the 
edge of the brush, and sparking is visible. At other times the 
brush is disintegrated by the heat and the commutator sur- 
face is smeared with a black deposit, or the carbons may become 
red hot in spots and glow. 

In some cases the copper at the edges of the segments is 
melted and rubbed off by the brush, and copper particles are 
noticed as a fine powder around the machine. These copper 
particles often collect tmder the brushes, and the brushes are 
then said to pick copper. If the brushes pick copper, and a 
coating is formed over the brush contact surface, the contact 
resistance of the brush is greatly reduced and short-circuited 
cturents are increased. The sparking which results is often 
greenish in spots, indicating that the current density at these 
spots has reached a value sufficiently high to volatilize the 
copper. 

The burning away of the edges of the brushes and the cop- 
per segments reduces the contact area and increases the cur- 
rent density so that the rate of destruction of the brush and 
commutator segments is increased. Eventually, the surface 
of the copper segments is so destroyed as to leave the mica 
segments projecting above the surface of the copper. The 
commutator is now said to have high mica and the brush con- 
tact with the copper is so poor that arcing occurs. The brushes 
will then be worn away rapidly and the commutator will wear 
in deep grooves. 

COMMUTATION WFTH SEVERAL COHS PER SLOT 

60. In the discussion of the current line. Figs. 17 and 18, it 
was assumed that the armature winding was single parallel 
for simplicity in explaining the division of the currents. Prac- 
tically the same considerations apply to other windings, with 
such modifications as are required by the peculiarities of the 
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individual windings. It has been further assumed that all of 
the armature coils are exactly alike, and therefore they will all 
have the same current line during short circuit. 

The action of the coils during commutation will be alike 
only when there is but one coil per slot. In Fig. 19, four coils 
per slot are indicated, and there will be four commutator seg- 
ments a, &, c, and d per slot pitch. A case is first considered 
when the machine is not equipped with commutating poles. 
Let it be assumed that the teeth e and / are, at the instant 
shown, in such position that the armature and coil-inductance 
fluxes for some particular load are exactly neutralized by the 
fluxes from the pole tips N and 5, as explained in connection 
with Fig. 14. The brush, 
Fig. 19, represented for clear- 
ness as covering but a single 
segment, is shifted until it 
covers the s^jment c at the 
instant shown. If the posi- 
tion of the brush is correct 
for,, say, the coil connected 
between segments b and c, 
the teeth e and / will have 
moved out from the exactly 
correct neutralizing position when the other coils in this slot are 
commutated. While the electromotive force due to the move- 
ment of a short-circuited coil may be zero for one of the four 
coils, it will not be zero for the others. The current line of one 
coil will show no short-circuited current, while the lines of the 
other coils will. In fact, a machine having four coils per slot 
will probably have four distinctly diflFerent current lines for the 
coils under short circuit, for each load, instead of one line for 
all coils. Under full-load conditions one of these current lines 
will show a greater short-circuited current than the others, 
and this will probably result in the burning or otherwise mark- 
ing of the edge of every fourth commutator segment. 

When there are several sides of coils in a slot and commu- 
tating poles are used, the poles must be wide enough so that 
each coil is commutated while xmder the pole. 




Fig. 19 
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HINTS ON COMMUTATION 

61. The commutator of a machine that is operating prop- 
erly should have and maintain a smooth burnished surface. 
Any improper commutation, whether accompanied by visible 
sparking or not, which causes roughening of the commutator 
surface or the btiming of the brushes, is undesirable, in that it 
increases the attention required to maintain these parts in a 
proper condition to carry successfully the load currents 
demanded of the machine. 

To obtain good commutation, short-circuited currents should 
be avoided or at least limited as much as possible. To avoid 
short-circuited currents altogether, the coils tmder commuta- 
tion must not develop any electromotive force; but, since the 
conductors are moving, this condition can only be obtained 
by opposing the fluxes established by the coil and the arma- 
ture. This can best be done by the use of commutating poles 
or a compensating pole-face winding. When commutating 
poles are not used, short-circuited currents to some extent at 
some loads may be expected. 

62. The short-circuit current curve p*-cl-r'-s*-i\ Fig. 18, 
starts at zero, rises to a maximimi and decreases again to zero 
within the space spanned by the brush. This current is equal 
to the electromotive force of short, circuit divided by the resis- 
tance of the short-circuited path. The electromotive force 
of short circuit will be small if the turns per coil are few, if 
the speed of the machine is low, if the armature and coil mag- 
netomotive forces are low, or if the reluctances offered to these 
magnetomotive forces are high. The short-circuit current will 
be small if the resistance of the short-circuit path is high. The 
resistance of a single armature coil is usually a very small quan- 
tity and in order to introduce sufficient resistance in the short- 
circuit path, brushes of comparatively high-resistance materials, 
such as carbon and graphite, are used. At the beginning and 
end of the short circuit, the area of contact between the brush 
and the segment just entering or just leaving is but a line, and 
the contact resistance is high. It is this high resistance at the 
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beginning and end of short circuit which causes the short- 
circuit current to begin and end at zero. 

When both the segments in which a coil terminates are in 
complete contact with the brush, such as coil c-d, Fig. 16, the 
resistance offered by the brush contact surface is the least pos- 
sible, and this resistance remains constant as long as both seg- 
ments have complete contact with the brush. 

63. The complete calculations of the commutating con- 
ditions, especially where short-circuit currents exist, is extremely 
complicated, if not impossible. It involves the cal6ulation of 
the armature and coil inductance fluxes for both the slot and 
end portions of the coils, the flux from pole to armature teeth 
in the space between the poles, and the calculation of the 
resistances of the brush and of the short-circuited coil. From 
these, the turns per coil, and the speed, the short-circuit current 
line can be approximated, and the current density in the edges 
of the brush and commutator segments can then be computed. 
Approximate or partial calculations are often used, but they 
lack reliability except where experience teaches their limitations. 

64. In designing machines to be operated without com- 
mutating poles it is best to avoid high speeds, to place but few 
coils in a slot, to make coils of few turns each, to use brushes 
of high resistance, and to expend more magnetomotive forces 
between the pole and the armature teeth per pole than is the 
armature reaction per pole. It is also well to reduce the arma- 
ture coil inductance by using a short armature core, with shallow 
and not too narrow slots. 
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MACHINES 

(PART 3) 



MAGNETIC-CIRCUIT DESIGN PROBLEMS 



MAGNETIC CIRCUIT FOR A 5-HORSEPOWER 
MOTOR 

1. The following problem relates to the magnetic circuit 
of the 6-horsepower motor, the armature of which was designed 
in Design of DirecUCurrent Machines, Part 1. In the develop- 
ment of this problem, values and general data included in 
Parts 1 and 2 are used and frequent reference should be made 
to these parts. A sketch of the armatture, drawn to scale and 
based on the dimensions previously determined, should be 
made as indicated in Fig. 1. The poles are to cover 70 per 
cent, of the pole pitch and are assimied to be made of ptmch- 
ings. It is best to make the poles the same length, parallel to 
the shaft, as the armature core, or 5^ inches. The magnetic 
density in the pole core should be about 90,000 lines of force 
per square inch. 

The magnetic leakage constant may now be estimated. 
Assume a leakage of 4J magnetic lines per ampere-ttu-n of the 
coil, per side of pole, and per inch of length of pole parallel to 
the shaft plus the distance between the adjacent pole tips of a 
pair of poles. As determined by scale from Fig. 1, the distance 
between pole tips will be 2} inches. The length of the pole 
parallel to the shaft will be 5^ inches, and the corrected length 
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for leakage calcula- 
tions will be 5i+2t 
= 7i inches. The 
ntunber of lines estab- 
lished per ampere- 
tum per coil for each 
side of a pole will 
be 4JX7i=34.9. As 
there are 6 poles and 
12 sides of poles, the 
leakage fltix estab- 
lished per ampere- 
turn per coil will be 
34.9X12=418.8 lines, 
or approximately 4^ 
lines, which will be the 
leakage constant of 
this magnet frame. 

2. The armature 
reaction per pole 
equals the product of 
the armature turns per 
pole and the current 
per conductor. The 
number of slots is 62 
and there are 12 con- 
ductors per slot, or 
a total of 744 con- 
ductors. With 6 poles 
and 2 conductors per 
turn, there will be 



6X2 



turns per 



pole. The total arma- 
ture current at full 
load is 39.8 amperes 
for the two paths ot 
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the winding, or 19.9 amperes per path and per ccmductor. The 
axmature reaction will be 62 X 19.9 = i ,234 ampere-turns per pole. 
The. field ampere-turns establishing magnetic leakage may 
be taken roughly as 25 per cent, more than the armature reac- 
tion, or from 1,500 to 1,600 ampere-turns. These figures will 
be modified later. 

3. The total leakage flux will be the product of the leakage 
constant, 420, and the magnetomotive force establishing leak- 
age, taken for trial purposes as 1,600 ampere-ttims, or 672,000 
lines. The total flux required by the armature is 7,980,000 
lines; hence, the total flux in all of the field-magnet cores will 
be 7,980,000-h672,000=8,652,000 lines. 

The field flux per pole will be 8,652,000-5-6 = 1,442,000 lines; 
hence, if the density in the poles is assumed to be 90,000 lines 
per square inch, the cross-sectional area of each pole core will 
be 1,442,000^90,000=16 square inches. The length of the 
pole pieces, parallel to the shaft, is 5 J inches, and, since the poles 
will be made of pxmchings, only 90 per cent, of this length will 

ifi 

be net steel. The width of the pole core will be =3.23 

5.5 X. 9 

inches, or Z\ inches, approximately. The area of all poles for 

carrying the flux will be 6X3JX5JX.9=^.5 square inches, 

4. The radial field-coil space for a 6-pole machine should 
be from 50 to 60 per cent, of the pole pitch measured on the 
armature surface. The pole pitch previously determined, 
measured on the armature circumference, is 7.33 inches, and 
65 per cent, of this will be 7.33 X. 55 = 4 inches. To obtain a 
4-inch coil space. Fig. 1, the diameter of the bore for seating 
the pole pieces on the yoke casting will be about 23i inches. 

The pole flux of 1,442,000 Unes divides at the yoke; there- 
fore, 721,000 lines will pass each way. If the yoke is to be 
made of cast steel, a density of from 65,000 to 80,000 lines per 
square inch would be economical. If the cross-sectional area 
of the yoke be made 10 square inches, the resulting density 
of 72,100 lines will be satisfactory. The yoke section may be 
made into any convenient shape. In Fig. 1 it is shown as 
spreading out over the field coils to protect them, and the 
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outside is rounded to improve the appearance of the machine. 
The total yoke section required to carry the total field flux 
will be 12X10== IW square inches, 

5. The eflFective area of the air gap is that area which with 
a uniform density in the gap will be equivalent magnetically 
to the actual area of the gap and the actual densities in it. 
The value of the effective area is somewhat difficult to cal- 
culate owing to the surface of the armature core being cut 
away by the slots and air vents. The magnetic lines are 
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established from the sides of the teeth as well as from their 
ends, and the density in the pole face directly over a slot is 
quite high, though never as high as it is directly over a tooth, 
because the length of the magnetic path in air, and, therefore, 
the reluctance, is greater over the slot than over the tooth. 

If the slot is very wide and the air gap is relatively very 
short, the difference in the length of the magnetic lines over 
the tooth and those over the slot will be considerable and, 
therefore, the difference in the density will also be considerable. 
When the air gap is as large as the opening of the slot, the lines 
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spread so as nearly to fill the region over a slot, and the dif- 
ference in density over a slot and over a tooth is small. 

6. The reduction in the actual area of the air gap to be 
made in obtaining the effective area depends, therefore, not 
only upon the number and width of the slots, but also upon the 
relative value of the width of the slot to the length of the air gap. 

Fig. 2 shows a curve that indicates the percentage of the slot 
that may be considered as removed entirely, to obtain the 
effective circumference of the area of the air gap, for different 
values of the ratio of the width of the slot to the length of the 
air gap. 

In the case of this motor, commutation should be satisfactory 
if the ampere-tiuTis expended in the air gap are as great as the 
armature ampere-ttmis per pole. The armature ampere-turns 
per pole are 1,234. The armature dimensions are 14 inches 
diameter by 5i inches long. The poles are to cover 70 per cent, 
of the cylindrical surface. The area of all pole faces will be 
3. 1416 X 14 X 5.5 X. 7 = 169.3 square inches. The total flux 
required for all of the air gaps is 7,980,000 lines and, there- 
fore, the average magnetic density in the air gap will be 7,980,000 
^169.3=47,100 lines per square inch. 

In the preliminary calculations for the armature dimensions, 
a density of 40,000 lines per square inch was assumed. The 
final dimensions chosen call, however, for a somewhat higher 
density. The eflFective area of the air gap will be less than 
169.3 square inches; therefore, the density will be higher than 
47,100 lines per square inch. 

A trial value of density, 52,000 lines per square inch, will be 
assumed for the determination of the effective area of the air 
gap. The number of ampere-turns / T required to force a 
flux having a density of 52,000 lines per square inch across an 
air gap of length / will be / r=.313X/X5 = .313X/X52,000. 
If a magnetomotive force of 1,234 ampere-ttuns is substituted, 
as previously suggested, and the equation is solved for /, the 

1 234 

length of the air gap will be '■ = .076 inch. Assimie 

.313X52,000 

the length of the air gap to be .075 inch. 

283-9 
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The width of the armature slots is .285 inch, and the valtie 

285 
of the abscissa, Fig. 2, will be - — =3.8. The corresponding 

.075 

ordinate will be .435, which is the fraction of the slot width 

that is effective. There are 62 slots each .285 inches wide, 

which gives a total actiial slot width of 62 X .285 = 17.67 inches, 

' and a total effective width of 17.67 X. 435 = 7.69 inches. 

The armature circumference will be 14 X 3. 1416 = 43.98 inches, 
and deducting 7.69 inches will leave 36.29 inches as the net 
effective circumference. 

The length of the armature is 5i inches, but this includes 
one f-inch air vent which, for determining the effective width 
of the air gap, may be treated as a slot. The abscissa. Fig. 2, 
will be t-r.075 = 5, and the corresponding ordinate will be .5. 
The effective width of the air vent will be |X.5 = .19 inch, 
and the net effective length of Ihe armature will be 5.5— .19 
= 5.31 inches. The effective circumference is 36.29 inches; 
the effective length, 5.31 inches; and 70 per cent, of this area 
is under the pole; therefore, the effective area of the air gap 
will be 36.29 X 5.31 X .7 = 1349 square inches, 

7 980 000 

7. The effective air-gap density will be -^ =59J^00 

^ ^ ^ 134.9 

lines p^ square inch, and the magnetomotive force required 
to maintain this density over the air gap will be .313 X. 076 
X 59,200 = 1 ,390 ampere-turns. This is considerably more than 
1,234 ampere-turns, because the density estimate of 52,000 lines 
per square inch was too low. The air gap could be reduced to 
.07 inch, which would lower the value of the magnetomotive 
force to 1,297 ampere-turns, but the longer air gap, .075, .will 
aid somewhat in commutation and may, therefore, be used. 

1 390 

The ampere-turns per inch will be — — - = 18,500. 
^ ^ .075 

8. It is necessary to estimate the average lengths of the 
parts of the magnetic circuit, and this may best be done by 
sketching in the average magnetic line on a drawing of the 
machine made to scale, as indicated in Fig. 1, and measuring 
this line. In a yoke section, such as shown, the magnetic 
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lines spread out over the complete section and in doing so their 
average length is increased. An allowance for this feature 
was made in Fig. 1 in the estimated length of 8 inches. 

9. The data for the magnetic circuit of the 5-horsepower 
motor are given in the accompanying tabulation. The data 
in the second column relate to the total areas through which 
the total flux for the various parts of the magnetic circuit 
pass; for example, 134.9 square inches is the sum of the areas 
of 6 air gaps; and 120 square inches is 12 times the area of the 
yoke section, since there are two paths through the yoke for 
the flux passing through each of the 6 poles. The total flux, 
7,980,000 lines, divided by the areas of the armature core and 
air gap gives the density in lines per square inch in those parts. 
The methods of determining the densities in the teeth, pole pieces, 

and yoke are explained later. The data in the fifth 

\ si^}m L cx)lumn, except that for the air gap, are obtained 
l"}^"! from Fig. \, Design of Direct-CurretU Machines^ 

\J^7 ^^^ ^' ^^^ ^^ ^^ ^^^ ^^^^^ column are the 
\^^\ products of the data in the third and fifth columns. 
Is^/ The density at the tooth roots is 117,700 and 

— »— --* — at the tops is 93,900 lines per square inch, while 
at intermediate points there are corresponding den- 
sities. The use of the average of the top and bottom densities is 
tmsatisfactory, because the ampere-turns do not vary imiformly 
with the density where saturation is approached. A better 
method is to divide the length of the tooth, Fig. 3, into a num- 
ber of equal parts, for example, four, find the density in each, 
and then average the excitation required for these densities. 
The difference in density between the bottoms and the tops 
of the teeth is 117,700-93,900 = 23,800 lines, and it may be 
considered that this density changes in four equal increments of 
5,950 lines per square inch. The density at the top of the tooth 
is 93,900 lines, and at the top of the next section it will be 
93,900+5,950=99,850 lines. The average density for the first 

section will be — '- '■ = 96,875 lines. The average den- 

sity in the second section will be 96,875+5,950= 102,825 lines; 
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in the third section 5,960 more, or 108,775; and in the fourth 
section 5,950 more than in the third section, or 114,725 lines. 
The ampere-turns per inch for these sections are fotmd from 
Fig. 1, Design of DirecUCurrent Machines, Part 2, to be 51, 80, 
139, and 245; and the average of these will be 515-5-4 = i;^5.75. 
This value of the average ampere-turns per inch is used in 
column five of the data table. For a length of tooth of .85 inch, 
109 ampere-turns will be required. 

10. The magnetomotive force estiablishing magnetic leak- 
age between the pole pieces must be estimated before the flux 
in the poles and yoke can be determined. To the ampere- 
turns required for the armature core, the teeth, and the air 
gap should be added the excitation required to overcome the 
magnetic effects of armature reaction and of the short-circuited 
armattu-e currents. Some of the magnetic effects of armature 
reaction are to distort the flux in the pole face, air gap, and 
teeth, and to cause sattu*ation where the density in the steel is 
forced to a high value, thus increasing the reluctance of the 
magnetic circuit and weakening the flux. The allowance to 
offset these effects is ustially not more than 10 per cent, of the 
armatiu^e reaction. In this case, the armature reaction is 
1,234 ampere-turns, and 8.1 per cent, of this, or 100 ampere- 
turns, will be allowed to compensate for the distortion in the 
flux. 

The polar angle is 70 per cent. ; hence, the neutral space will 
be 30 per cent, of the pole pitch. If the brushes were placed 
in the exact neutral point xmder no-load conditions, they could 
be shifted nearly 15 per cent, of the pole pitch backwards, which 
is in the direction to improve commutation of a motor, before 
the coils under commutation would be under a pole tip. If it is 
assumed that a shift of 10 per cent, is required for commuta- 
tion, then an allowance of 20 per cent, of the armature reaction, 
or 250 ampere-turns, will be necessary to overcome the back 
ampere-turns. 

The magnetic effects of the short-circuited currents in a 
motor armature assist the field excitation and these may 
amotmt to from 5 per cent, to 10 per cent, of the armattire 
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10 DESIGN OF § 00 

reaction. If this effect is assumed to be 100 ampere-turns,' 
this will balance the allowance of 100 ampere-tums made for 
the eflFects of distortion and saturation. The net effect of the 
armature reaction, therefore, is to require 260 additional 
ampere-turns. 

11. The field ampere-tums available for establishing leak- 
age are 37 for the armature core, 109 for the teeth, 1,390 for 
the air gap, and 250 to overcome effects of armature reaction, 
making a total of 1,786 ampere-tums. The leakage constant 
of this frame is 420; therefore, the leakage flux will be 1,786 
X420= 750,000 lines. 

The total flux in the magnet cores and yoke will be 7,980,000 
-1-750,000=8,730,000 lines. This flux, divided by the total 
cross-sectional area of the pole pieces, gives the density in those 
parts, or 8,730,000-^96.5 = 90,500 lines per square inch. The 
density in the magnet yoke will be 8,730,000 -^ 120= 72,800 lines 
per square inch. The corresponding values of ampere-tums 
per inch. Fig. 1, Design of Direct-Current Machines^ Part 2, 
will be 39 and 22; and of ampere-tums 4.75X39 = 185, and 
8 X 22 = 176. The total excitation per pole will be 2, 147 ampere- 
ttims. 

FIELD COILS FOR A 5-HOR8EPOWER MOTOR 

12. Since this is to be a shimt-wound motor, the 6 field 
coils in series are to be connected across the 115- volt supply 
circuit. Each coil will have J of 115 volts impressed across its 
terminals. The resistance of each coil and the number of 
ttims in it must be such that when 115 volts is impressed on 
the series of 6 coils, the current maintained multiplied by the 
total number of turns will produce in each field coil approxi- 
mately the 2,147 ampere-ttims previously calculated for the 
excitation of each pole. Also, the coils must not overheat when 
carrying the proper current. In this case, assume that the 
heating must not cause a rise in temperature of more than 40® C. 
above the temperature of the surrotmding air. 

The energy loss in the field coils is entirely due to the P R loss 
and the heat thus set up is chiefly dissipated by air, circulated 



Digitized by 



Google 



§ 60 DIRECT-CURRENT MACHINES 11 

by the armature, cxMning in contact with the outside of the coils. 
Heat is also conducted from the coils, by the steel of the poles, 
to the yoke and to the pole tips, where it is carried away by the 
air from the armature coming in contact with these uncovered 
surfaces. The cooling of the field coils is, therefore, dependent 
to some extent on the peripheral velocity of the armature. 

13. There are a number of methods employed for insulating 
and protecting the field coils of motors and generators. Some 
of these result in thorough protection for the coils, but do not 
allow of satisfactory heat dissipation. Coils that are more 
nearly bare dissipate heat more rapidly. Coils may be wound 
double or triple; that is, one coil outside of another with an air 
space, or vent, between. The conductors of the coil are 
immersed in the magnetic flux of the leakage field and there is 
some force acting on these conductors tending to push the coils 
out against the yoke. It is necessary, therefore, to construct 
the coils in a substantial manner, and to support them so that 
they cannot move, because the insulation is easily destroyed 
by rubbing. 

One of the simplest methods of making coils is to wind the 
conductors on metal spools which are thoroughly instdated 
before receiving the wire. The flanges of the spool cannot be 
made of iron or steel because they would increase the magnetic 
leakage between poles. Spools with sheet-steel bodies and 
flanges made of insulating material are used extensively. The 
outside of such a coil may be left bare or it may be wound with 
small rope for mechanical protection. Such a coil may be 
impregnated with an insulating compound so that oil and 
moisture cannot penetrate it. Coils to be impregnated are 
placed in a heated vessel and the air is pumped out. The hot 
insulating compound is then pumped in under presstue. In 
a coil so treated there are no air particles in the spaces between 
the cotton fibers on the wire, and the heat from the wire is 
rapidly conducted to the surface of the coil. 

Some coils are wound on a frame which is afterwards removed, 
and the conductors of the coil are then bound together with 
cord or tape. Such a coil may be impregnated, but the tape 
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12 DESIGN OF § 60 

insulation added to the outside of the coil somewhat interferes- 
with heat dissipation. 

14. The dissipation of heat is considerably affecte^d by the 
presence of other coils. In commutating-pole machines, the 
coils are necessarily dose together and the space between them 
is in some cases so limited as to prevent sufficient air from passing 
over their surfaces to remove the heat. The temperattu^ rise 
of the coils with the same loss is, therefore, greater in com- 
mutating-pole machines than in those without these poles. 

With similar peripheral velocities, armatures of short length 
will fan the field coils better than those of greater length. If the 
yoke casting is shaped so as to protect the armature and field 
coils, the temperature rise of the field coils may be increased. 

16. Fig. 4 shows curves indicating approximately the rela- 
tion between peripheral velocity of the armature in feet per 
minute and the degrees centigrade rise in temperature j^f the 
field coil for a radiation of 1 watt per square inch of cu-cum- 
ferential surface of field coils. The data for these curves were 
taken from observations on average machines made with yokes 
similar to that shown in Fig. 1. Curve A, Fig. 4, indicates 
the heating that may be expected from a main field coil that is 
taped all over and is placed adjacent to commutating-pole 
coils. Curve B indicates the heating of the same coil if the 
commutating poles and coils were removed; this curve is also 
practically correct for a bare main coil placed adjacent to 
commutating poles, or for a bare commutating-pole coil. Com- 
mutating-pole coils are often wound with bare copper on edge, 
so arranged that air may readily circulate around the turns; 
such a commutating-pole coil or one with air vents through 
it will dissipate heat so as to conform nearly with curve' C 
Curve D indicates the probable heating of coils when they are 
cooled by means of a fan placed on the armature shaft. 

The curves, Fig. 4, are not to be considered as absolutely 
reliable, and should be used only until the heating of the first 
motors constructed of a new type has been checked. The 
heating of individual frames is often quite different from that 
of others apparently of the same general type and style; and 
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the heating of motors made from the same lot of castings may 
differ, due possibly to variations in the movements of air set 
up by the armature windings against the field coils. 

The cost of the field coils is an important item of the con- 
struction of a motor or generator, and, therefore, to keep down 
the cost, as small an amount of copper as is practicable should 
be used in these coils. This requires that the coils shall oper- 
ate with their temperature dose to the allowable heating limit, 
but not exceeding it; therefore, a close study of heating curves 
is essential. 




Pig. 5 



16. The method of calculating the watts per square inch of 
circumferential field-coil surface is in general similar to that 

explained for armatures in 
Design of DirecUCurrent 
Machines, Part 1. The 
heat generated within a 
field coil of the form shown 
in Fig. 5 is assumed to 
pass out through its cir- 
cumferential surface, the 
end siuf aces of the coil not 
being considered for heat 
radiating ptuposes. This 
assumption is made be- 
cause in an ordinary coil there is a square inch of coil surface 
midway between the ends of the coil that is so far away from 
either that the heat generated in or near that area would have 
to be conducted through too great a distance within the coil 
for much of it to reach the end surfaces. The heat developed 
within this square inch would, therefore, have to be dissipated 
either outward to the surrounding air or inward to the steel of 
the pole. Machines are usually guaranteed not to exceed a 
given temperature in any part, and the maximum temperature 
will be fotmd where the maximtim heat dissipation is taking 
place. This maximum dissipation cannot be greater than the 
amount calculated by the assumption that all the watts lost 
pass out through the circumferential surface of the coil. 
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§ 60 DIRECT-CURRENT MACHINES 15 

17. Consider the square inch of surface indicated by the 

dotted lines, Fig. 5. If there are IT ampere-tums in the 

length /, expressed in inches, of the coil, then the ampere- 

IT 
conductors per inch of length of coil will be — , and the 

total current in all of the conductors in the square prism formed 

by the dotted square inch on the surface, a corresponding 

square inch on the inner surface of the coil, and the connect- 

IT 
ing lines, as indicated in Fig. 5, will be — amperes. 

The resistance of a circular mil-foot of copper wire that is 
40** C. hotter than the ordinary room temperature may be 
taken as 12.5 ohms, or 12.5-^ 12 = 1.04 ohms per miUinch, This 
resistance constant is a little greater than that used for arma- 
tures, because field coils usually operate at higher temperatures. 
For totally enclosed motors, the resistance constant may be as 
high as 1.08 or 1.1 ohms per mil-inch. 

T 
If there are T ttmis iti the coil, there will be — wires in the 

/ 

square prism the ends of which are formed by the dotted square 

inch on the surface and the corresponding square inch on the 

inner surface of the coil. If each wire has a cross-sectional 

area of a circular mils, then the total area of the combined 

bundle of — wires will be — , and the resistance of a 1-inch 
t if 

length of the bundle will be , or . 

Ta T a 

T 

The loss in watts /? in a 1-inch length of the bundle is equal 
to the product of the square of the total current and the resis- 
>. //r\2 1.04/ IMPT 

I a 
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16 DESIGN OF § 60 

Rule. — The number of watts lost per square inch of circum- 
ferential surface of the field coil is equal to 1,04 times the ampere- 
conductor per inch of length of coil divided by the circular mils 
per ampere in the conductor, 

18. In the formula of Art. 17, the known quantities ordi- 
narily are the ampere-turns / T and the length /. The watts 
per square inch p may also be known or may be calculated by 
the formula. The nimiber of ttims T may be calculated, if 
the size of wire in circular mils and watts p per square inch are 

' ,u ^ 1.04/»r IMP-P \M{ITY - 
known; thus,^= — = ° — IT 

. ^__ 1.04 ar)« 

lap 

19. In a shunt-wound field coil, the size of wire must be 
so selected that the resistance of the coil will allow the correct 
ciurent to produce the required number of ampere-turns. 

Let ^=the impressed electromotive force on a coil; 

M=the mean length of one turn, in inches; 

r=the number of tiuns; 

/=the current in the coil; 

r = the resistance of the coil. 

e 1 04 MT 
Then /=-, but r^— . Substituting the value of r, 

r a 

"" 1.04 Mr " 1.04 Mr' ^ 

« 1.04M7r 

a= 

e 

20. The shortest length of a ttim S may be closely estimated 
from the dimensions of the pole piece or by measurements of 
the winding form. The mean length of a turn M is greater 
than the shortest length 5 by the addition of a circle the diam- 
eter of which is the depth of the winding d, or 

M=S+7rd 
The depth will depend on the number of wires that can be 
woimd in a square inch of winding space. Table I shows data 
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TABLE I 

HAONETT WIBE, BROWN A SHARPS OAUOB 







Diametei 


.in Mils 




Area 

Circular 

MUs 


Ohms Per 

1,000 

Peetat 

ao*C. 

68»P. 


Pounds 


Gatase 
Number 


Bare 


Single- 
Cotton 
Covered 


Double- 
Cotton 
Covered 


Triple- 
Cotton 
Covered 


per 
1,000 
Peet 
Bare 


oooo 


460.0 






478 


211,600 


.049 


640.50 


ooo 


409.6 






428 


167,805 


.062 


508.00 


oo 


364.8 






383 


133.079 


.078 


402.80 


o 


3249 






343 


105,534 


.098 


319.50 


I 


289.3 






307 


83.694 


.124 


25330 


2 


257.6 






276 


66,373 


.156 


200.90 


3 


229.4 






247 


52,634 


.197 


159.30 


4 


204.3 




216 


220 


41.742 


.248 


126.40 


5 


I8I.9 




194 


198 


33,102 


•313 


100.20 


6 


162.0 




174 


178 


26,250 


.394 


79.46 


7 


1443 




156 


160 


20,816 


.497 


63.02 


8 


128.5 




140 


144 


16,509 


.627 


49.98 


9 


1 14.4 




126 


130 


13.094 


.791 


39.63 


lO 


IOI.9 


108.0 


112 


116 


10,381 


1. 000 


31.43 


II 


90.7 


97.0 


lOI 


105 


8,234 


1.257 


2493 


12 


80.8 


87.0 


91 


95 


6,529 


1.586 


19.77 


13 


72.0 


78.0 


82 


86 


5.178 


1.999 


15.68 


14 


64.1 


71.0 


75 


79 


4.107 


2.521 


12.43 


15 


57.1 


63.0 


67 


71 


3.257 


3.179 


9.86 


i6 


50.8 


55.0 


59 


63 


2,583 


4.009 


7.82 


17 


45.2 


49.0 


53 


57 


2,048 


5055 


6.20 


i8 


40.3 


44.0 


48 


52 


1,624 


6.374 


4.92 


19 


35.9 


39.0 


43 


47 


1,288 


8.038 


3.90 


20 


32.0 


36.0 


40 


44 


1,022 


10.140 


3.09 


21 


28.5 


32.0 


36 


40 


810 


12.780 


2.45 


22 


25.3 


29.0 


33 


37 


642 


16.120 


1.94 


23 


22.6 


27.0 


31 


35 


509 


20.320 


1.54 


24 


20.1 


24.0 


28 


32 


404 


25.630 


1.22 


25 


17.9 


22.0 


26 


30 


320 


32.310 


.97 


26 


159 


20.0 


24 




254 


40.750 


.77 


27 


14.2 


18.0 


22 




202 


51.380 


.61 


28 


12.6 


17.0 


21 




160 


64.790 


.48 


29 


"•3 


15.0 


19 




127 


81.700 


.38 


30 


10.0 


14.0 


18 




100 


103.000 


•30 


31 


8.9 


12.5 






80 


129.900 


•24 


32 


8.0 


II.5 






63 


163.800 


.19 


33 


7-1 


10.5 






50 


206.600 


.15 



17 
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18 DESIGN OF § 60 

relating to single-, double-, and triple-cotton covered magnet 
wires for the range of sizes ordinarily used in field coils of motors 
and generators. 

21. Dividing both sides of the formula of Art. 18 by / 

T 1.04(7 7)2 1.04^ //r\»l ^, . . ^- 

gives - = — ~ = X( — ) X-. The value of the 

/ Pap a \ I / p 

T 
fraction — is the nimiber of wires per inch of length of coil space, 

T 
therefore, if the coil is tmiformly wound and — is divided by K^, 

the number of wires of that particular size that can be wound 
in 1 square inch of cross-section of the coil, the result will be 

T 1 

the depth d of the winding; then d = -X — -, or by substitution 

T 
of the value of -, 

'--(i:)x(T7x; 

The values of are given in Table II. 

aK„ 

22. To obtain the size of wire from the formula of Art. 19, 
the value of M must be known, while to obtain the depth d 
of the winding from the formula of Art. 21, the size of the wire 

must be known. The value of , on which the depth 

(xKw 

depends, does not change much from size to size of wire; hence, 

a guess can be made as to the value of M; and, the size of 

wire a approximated and this approximation corrected later if 

necessary. 

23. The formulas just developed are applied to the design 
of the field coils for the 5-horsepower motor as follows: The 
perimeter of the pole piece. Fig. 1, is 5.5-|-3.25+5.5-|-3.25 
= 17 J inches. Let it be assimied that the coil will be taped, 
and that, to allow for clearance and insulation between the pole 
and the wire, .9 inch more will be required. Then, the shortest 
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TABLE n 

DATA ON MAGNET WIRE, BROWN A 8HARPB GAUGE 





iTu,- Numb 
per Squ4 


er of Wires 

3.rp TnoH 


I 


1 




aKu,~ (Area in Circular Mils) X Num- 


Gauge 
Number 


AJC XllV..!! 


' ber of Wires per Square Inch 


Single- 
Cotton 
Covered 


Double- 
Cotton 
Covered 


Single-Cotton 
Covered 


Double-Cotton 
Covered 


4 




22.2 




1.08 X10-* 


5 




27.7 




1.09 XiO"* 


6 




34.7 




1. 10 XlO"* 


7 




43-4 




1.105X10"* 


8 




54 




1. 12 XiO"« 


9 




67 




1. 14 Xio-« 


lO 


875 


84 


I.I Xto-« 


1. 15 Xio-« 


II 


109 


104 


i.ii5Xio~* 


1. 17 Xio-« 


12 


135 


129 


1.13 Xio-* 


i.i85Xio-« 


13 


168 


161 


1. 15 Xio-« 


1.20 Xio~* 


H 


207 


198 


1. 175X10"* 


1.23 Xio~« 


15 


256 


246 


1.2 Xio-« 


1.25 Xio-« 


i6 


315 




1.23 Xio"' 




17 


388 




1.26 Xio-« 




i8 


478 




1.29 Xio"* 




19 


585 




1.33 Xio-V 




20 


715 




1.37 Xio"« 




21 


875 




1.41 Xio-« 




22 


1070 




1.46 Xio-« 




23 


1290 




1.52 Xio-« 




24 


1570 




1.58 Xio-« 




25 


1880 




1.66 Xio-« 




26 


2250 




1.75 Xio-« 




27 


2690 




1.84 Xicr* 




28 


3240 




1.93 Xio"* 




29 


3890 




2.03 Xio~« 




30 


4700 




2.13 Xio"« 
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20 DESIGN OF § 60 

length of a turn 5 will be 17.5+ .9 = 184 inches. The coil space, 
Fig. 1, will be 4 inches and the net length / for winding the wire 
will be taken as 3.9 inches. For the depth of the winding d, 
a preliminary estimate of .6 inch will be made. 

The mean length of a turn will be the perimeter, 18.4 inches, 
plus the circumference of a circle having a diameter d or a 

radius -; as there are four 90^ bends in one turn, and each bend 
2 

of a mean turn has a radius of - inches, then, M=S+ir d= 18.4 

2 

+3.1416X.6=20.3 inches. The size of wire, in circular mils, 

calculated by the formula of Art. 19, when / T is taken as 

115 
2,147, Art. 9, and when a voltage e of — is impressed on each 

6 

coil of the six field coils, will be 

1.04X20.3X2,147 oqak • i i 

a= =2,365 circular mils 

115 

6 

Reference to Table I shows that a wire having an area of 
2,365 circular mils would be between the sizes 16 and 17 B. & S. 
gauge. 

24. The peripheral velocity of the armature is 
14X3.1416X2 00^ygg ^^^ minute. Reference to Fig. 4, 

12 

curve B, shows that the indicated rise in temperature for 

1 watt per sqtiare inch for a taped main field coil on a frame 

without interpoles is 69** C. For a rise of 40° C. in tempera- 

40 
ture, the watts per square inch will be — = .58. 

25. The depth of the winding d may now be calculated. 

From Table II the value of for No. 17 B. & S. single-cotton 

aKu> 

covered wire is — — . Substitution of the niunerical values 
10« 
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1 2f^ 

determined in the formula of Art. 21 gives d=1.04X-^ — 

10* 



X Rr-^ X— = .68 inch. 
\ 3.9 / .58 

The corrected value of M in the formula of Art. 20 will be 
M = 18.4+3.1416X.68=20.5 inches. 

The corrected value of the size of wire a, expressed in cir- 
cular mils, as calculated by the formula of Art. 19 will be 
^^1.04X20.5X2,147^ 
115 
6 

The nearest size of wire is No. 16 B. & S., which has an area 
of 2,583 circular mils, or 8 per cent, more than is required. 
If No. 16 B. & S. wire is used, the coils will maintain 8 per cent. 
more ampere-turns than 2,147, or 2,147+2,147X.08=2,319 
ampere-turns. If this value is not considered satisfactory it 
will be necessary to wind the coils partly of No. 16 B. & S. 
single-cotton covered wire and partly of No. 17 B. & S. single- 
cotton covered wire. 

26. When making up coils of two sizes of wire in series 
it is customary to wind the larger wire in which for equal lengths 
the least loss takes place underneath and the smaller size out- 
side. When using two sizes of wire in this way there is a slight 
loss in efficiency in the performance of the coils, and to make 
an approximate allowance for this, the ampere-turns should 
be increased 2 per cent, and the watts per square inch 4 per 
cent. When these corrections are made, the ampere-turns 
will be 2M7+2M7X.02 = 2 J90; and the watts per square 
inch will be .58+. 58 X. 04 = .603. In this case the change in 
the depth of winding d will be negligible. 

27. The corrected size of wire, in circular mils, will then 

, 1.04X20.5X2,190 ^ ,^^ . , .. 

be a= ^2,436 ctrcidar tntls, 

115 

6 
From the formula of Art. 18, the nimiber of turns per coil 

3.9X2,436X603 

28J-I0 
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22 DESIGN OF § 60 

To determine how many of the 871 turns are to be formed 
of No. 16 B. & S. gauge wire ajid how many of No. 17 B. & S. 
gauge wire, use a modification of the fonnula of Art. 19 solving 

for IT thus, / r= . First substitute the value of a 

1.04XM 

for No. 16 B. & S. wire and then the value of a for No. 17 B. & S. 

wire and determine the ampere-tums for each case. 

When the coils are wound entirely with No. 16 B. & S. wire, 

lie 

2,583 xi^ 

17= ^=2,322 

1.04X20.5 

When the coils are wound entirely with No. 17 B. & S. wire, 

■ ill; 
2,048X— 

/r= 5-= 1,841 

1.04X20.5 

28. For 2,190 ampere-turns, there must be a greater num- 
ber of turns of No. 16 B. & S. than of No. 17 B. & S. wire. The 
difference in the area of the two wires is 2,583—2,048=535 cir- 
cular mils, while the difference in ampere-tums is 2,322—1,841 
=481. 

It may be said that if 100 per cent, of the turns are changed 
from No. 16 B. & S. to No. 17 B. & S. wire the reduction in 
ampere-tums would be 481 . It is desired to reduce the ampere- 
tums from 2,322 to 2,190, or 132 ampere-tums; hence, if 
changing 100 per cent, reduces the ampere-tums 481, a reduc- 
tion of 132 ampere-tums will be accomplished by changing 

IQO 

^^X871 = 239 turns from No. 16 B. & S. to No. 17 B. & S. 
481 

wire. There will be, therefore, ^39 turns of No. 17 B. & S. 
wire and 871-239=^5;^ turns of No. 16 B. & S. wire. 

Another method of proportioning the turns for each size 
of wire is as follows : The area of No. 16 B. & S. wire is 2,583 cir- 
cular mils; the desired area is 2,436 circular mils; the area of 
No. 17 B. & S. wire is 2,048 circular mils; and 2,583-2,436 

= 147; 2,583-2,048 = 535; 2,436-2,048=388; ^^^X871=239 

535 
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§ no DIRECT-CURRENT MACHINES 23 

turns of No. 17 B. & S. wire; ^^X871 = 632 turns of No. 16 

535 

B. & S. wire. 

29. The calculated number of ttims may be checked as 
follows: The value AT^, Table II, indicates that 315 No. 16 
B. & S. single-cotton covered wires may be woimd in 1 square 

inch. For 632 turns, — =2 square inches, are required. The 

net length of winding space is 3.9 inches; therefore, the depth 

2 

of the winding for the No. 16 B. & S. wire will be — =.513 

inches. 

The shortest length of a turn is 18.4 inches, Art. 23, then 
the mean length of a ttun for the No. 16 B. & S. wire will be 
18.4+3.1416X.513 = 20.01 inches. 

The resistance of 632 turns of No. 16 B. & S. wire in each 

•1 /A-^ -lax nu 1.04X20.01X632 .^^ , 

coil (Art. 19) will be r= =5.09 ohms, 

2,583 

The length of the outside turn of the No. 16 B. & S. wire 

winding will be 18.4+3.1416X(2X. 513) = 21.6 inches, and 

this is also the length of the shortest turn of the No. 17 B. & S. 

wire winding. The indicated value of K^ for a No. 17 B. & S. 

single-cotton covered wire. Table II, is 388 wires. The cross- 

239 

sectional area required for 239 turns will be - — - = .616 square 

ooo 

fil fi 

inch. The depth of the winding will be "- = . 158 inch. The 

depth for both windings will be .513+. 158 = . 671 inch. This 
is very dose to the result of the preliminary calculation of 
.68 inch, Art. 25. 

30. The mean length of a turn of the No. 17 B. & S. wife 
winding will be 18.4+3.1416x[2x(.513+-~-)l =22.12 

inches. The resistance of the No. 17 B. & S. wire coil will be 

1.04X22.12X239 ^^ . 

r = — = 2.7 ohms 

2,048 
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The total resistance per coil will be 5.09+2.7 = 7.79 ohms, 
and for the six coils in series the resistance will be 46.74 ohms. 

115 

The current in the shunt field will be =^2.46 amperes. 

46.74 

31. The actual excitation will be 2.46X871 =^ej43 ampere- 
turns; whereas, as calculated in Art. 11, 2,147 ampere-turns 
was desired. Motors manufactured in quantities often run 
2 to 3 per cent, above or below their average speed; and a 
change in the excitation of 4 or 5 per cent, is necessary to cause 
a change of 2 or 3 per cent, in the speed. Therefore, the excita- 
tion just calculated may be considered as dose enough. 

32. The actual watts per square inch for the No. 16 B. & S. 
wire winding may be calculated from the formula 

1.04/2 7 1.04X2.46^X632 «^. ^^ 

p = = = .395 watt 

^ la 3.9X2.583 

T. .u XT IT T5 P c • 'A' ^ 1.04X2.46*X239 

For the No. 17 B. & S. wire wmding, p = 

3.9X2,048 

= .188 watt. 

The total loss per square inch will be .395+. 188 =.553 watt 

instead of the estimated value .58 watt, Art. 24. 

33. It was assumed. Art. 26, that the excitation of 2,147 
ampere-turns would fall short by 2 per cent, and the value of 
.58 watt per square inch would fall short by 4 per cent. On 
this account the calculations following were made with the values 
of 2,190 ampere-turns and .603 watt. The final calculations 

2 190—2 143 

are 2, 143 ampere-turns and .583 watt. The first is 

2,190 

X 100 =2.1 per cent, less than the estimated value of 2,190 

^ 2,147-2,143 ,^ ^ , ^u ^1, 

ampere-turns, and — = .19 per cent, less than the 

original value 2,147 ampere-turns. 

583— 58 

The value .583 watt is ^ - X 100 = .52 per cent, more 

.58 

than the calculated value .58 watt; therefore, the allowance 
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of 4 per cent., making the value .603 watt, was greater than 
necessary. 

An allowance is only necessary when there are two sizes of 
wire in the coil, and the amount to allow may be determined 
by experience. In any case the allowance is small. 



MAGNETIC CIRCUIT FOR A 160-KILOWATT 
GENERATOR 

34. The following problem relates to the magnetic circuit 
of the 150-kilowatt, six-pole generator, the armatures of which 
were designed in Design of Direct-Current Machines , Part 1. 

There will be a commutating pole for every main pole and 
it will be best to make these poles as long, or nearly as long, 
as the armature core. The armature is 7 inches in length, and 
for trial purposes the length of the commutating pole will be 
taken as 6 inches. For such a generator an air gap of ^ inch 
or i inch would be suitable, and a length of air gap of ^ inch 
for the commutating pole will be assumed. 

By substitution of values in the formula of Art. 47, Design 
of Direct-Current MachineSy Part 2, the compensation will be, 

7=-^^X^X-X6 = 15| percent. 
A+A 27 6 

35. The approximate value of the total ampere-conductors 

for the whole armature core was estimated as 64,000. Dividing 

the value by 6, which is the number of commutating poles, and 

64 000 
by 2, the number of conductors to a turn, gives — '- — =6,330, 

6X2 

which is the approximate value of the armatiu-e reaction. The 

number of ampere-ttims that must be put on each commutating 

pole is 15|^ per cent, more than the value of the armature 

reaction, or 5,330X1.156 = 6,160 ampere-tums, approximately. 

All of these ampere-timis tend to set up leakage flux in the sides 

of the commutating poles. 

The coils on the commutating poles are so connected as to 

oppose the armature magnetomotive force, and the difference 
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between 6,160 and 5,330, or 830 ampere-turns, is the magneto- 
motive force that establishes fliix through the ends of the 
commutating poles. 

36. The commutating pole should span 15 per cent, of the 

pole pitch, as stated in Art. 48, Design of DirecUCurrent 

3 1416X27 

Machines, Part 2, or its width should be — X.15 

6 

= 2.12 inches. 

The main poles cover 70 per cent, of the pole pitch, which is 

the space between centers of main poles, and 15 per cent, of 

this space is taken up by the commutating poles, leaving only 

= 7.5 per cent, uncovered space on either side of the 

conmiutating pole. As 15 per cent, is equivalent to 2.12 inches, 
7.5 per cent, will be equivalent to 1.06 inches, which is the dis- 
tance between the main pole and the commutating pole. 

37. The commutating-pole leakage may be taken as occur- 
ing along the 6 inches that the pole actually occupies, plus 
1 inch, or a total of 7 inches. The distance to the main poles 
is 1 inch, which will be the allowance for the spreading of 
the flux. 

If the leakage is assumed as 7 lines per ampere-turn, per 
inch, and per side, the leakage flux per commutating pole will 
be 7X6,160X7X2=604,000 lines. 

38. The number of ampere-turns / T required to force 

a flux having a density B across an air gap of length / will be 

IT 

/r=.313X/XB; then S = . At the end of the com- 

.313X/ 

mutating pole the ampere-turns available are 830 and the length 

of the air gap is ^ inch; then the density in the gap at the ends 

830 

of these commutating poles will be B = =14,100 lines 

.«Jl«JXi% 
per square inch. 

While the density should be corrected as explained in Art. 6, 
this tmcorrected value is sufficiently accurate for determining 
the size of the commutating pole. The actual area of the end 
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of the pole will be 2.12X6 square inches, but it will be neces- 
sary to allow, say, the length of the air gap all around the pole 
for the fringing flux at the edges. The area will then be [2.12 
+2(.1875)]X[6+2(.1875)] = 2.5X6.375=15.94 square inches, 
and the flux through this area will be 15.94X14,100=226,000 
lines. 

The total flux in a commutating pole will be the sum of the 
end flux and the leakage flux, or 225,000+604,000 = 829,000 
lines. If the pole is made straight, that is, with parallel sides, 
so that its section will be 2.12X6=12.72 square inches, the 

829 000 
maximum density in the commutating pole will be 

= 65,000 lines per square inch. 

39. The flux in the commutating poles varies with the load. 
If the poles are of steel, they will reach saturation at about 
100,000 lines per square inch; and with a full-load density of 
65,000 lines per square inch, the saturation point would be 
reached at about 50 per cent, overload. When these poles 
become saturated their regulating fimction is impaired and 
sparking at the brushes will probably ensue. The overload 
margin allowed should be sufficient for an ordinary machine. 
If this allowance is considered too great, the size of the com- 
mutating pole may be reduced, thus reducing the margin. A 
reduction in the size of the pole will reduce the leakage area 
and thus, because of the reduced leakage flux, will not greatly 
increase the density. 

Whenever the density in the commutating pole is very low, 
the pole may be made smaller than its end; that is, the pole 
may be made with a shoe on the end, shaped much like that 
on a main pole, for spreading the flux over the armature surface. 

The commutating poles could be made smaller for the 250- 
and 550-volt windings because the brushes in these cases are 
narrower and span a smaller angle, but to preserve tmiformity 
of the frames for the three types of armatiu*es all of the poles 
will be made alike. 

40. The value of the leakage constant for this magnet 
frame may be approximated by using the same leakage for 
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the main pole as for the commutating pole for the region oppo- 
site the commutating pole and 4i lines per ampere-tum per inch 
and pet side for the leakage from main pole to main pole direct. 
The main poles will be made the same length parallel to the 
shaft as the armature, or 7 inches. From a sketch of the poles, 
to scale, as Fig. 6, the main-pole tips will be found to be 4i inches 
apart. Allowing 4J inches over the length of 7 inches, for the 
spreading out of the leakage flux, makes 11 J inches. Of this 
length, 7 inches was allowed for the commutating pole; hence, 
over the 4} remaining inches the leakage of 4i lines per ampere- 
tum per side and per inch exists. The total leakage flux per 
ampere-tum is then, [(4iX4})+(7X7)]Xl2 = 817i lines per 
ampere-tum. Allow, say, 820 for the leakage constant of this 
frame. 

41. The considerations determining the length of the air 
gap are mechanical clearance and voltage regulation. Any- 
thing more than i of an inch should be sufficient for mechanical 
clearance. If the air gap is too small with respect to the rest 
of the magnetic circuit of a generator, the voltage will change 
considerably with changes of load. As this effect is caused 
by the load currents, it is well, as in the case of motors, to pro- 
portion the ampere-tums expended in the ^ gap to the arma- 
ture reaction per pole. The gap ampere-tums for average 
generators are from 70 to 125 per cent, of the armature reaction, 
the latter value giving the better voltage regulation. In this 
problem, assume the gap ami)ere-tiuTis to be from 80 to 90 per 
cent, of the armature reaction. The armature reaction is about 
5,330 ampere-tums per pole; therefore, the gap ampere-tums 
should be from 4,300 to 4,800 ampere-tums. 

42. In Design of Direct-Current Machines, Part 1, the 
armature flux was estimated as 24.7 megalines for the 125-volt 
machine, 25 megalines for the 250- volt machine, and 25.4 mega- 
lines for the 550-volt machine. 

For 25 megalines, the average density under the main pole 
piece, as calculated from a modification of formula 1 of Art. 4, 

Design of Direct-Current Machines, Part 1, will he B= — 

%Trdl 
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= ^-^'*'?^-- = 60,200 Unes per square inch. The 
.7X3.1416X27X7 

effective air-gap density will be greater than this. Assume a 

value of 70,000 lines. With a gap density of 70,000 lines and a 

length of air gap of ^ inch, the gap ampere-ttuns will be / T 

= .313X^X70,000=4,800. 

43. The 125-volt armature has 84 slots, each .351 inch wide. 

rni. r ^' width of slot .351 . ^ ti r i. T7- o 

The fraction = =1.6. By reference to Fig. 2, 

length of air gap ^ 

it is seen that if the abscissa is 1.6, the ordinate will be .23. 

The circumference of the armature =27X3. 1416 =84.82 
inches. The effective circumference is less than this by .23X84 
X .351 = 6.78 inches, and, therefore, is 84.82 - i5.78 = 78.04 inches. 

The actual length of the armature is 7 inches, but there is 
one air vent i inch wide. Then ^ divided by ]|^ = 2.3, which 
will be the value of the abscissa. Fig. 2, corresponding to an 
ordinate of .31. The effective width of the air vent will be 
.31 X. 5 =.155 inch. The effective length of the armature will 
be 7 -.155 =6.845 inches. 

For a 70-per-cent. polar angle, the effective area of the air 
gap will be 78.04 X 6.845 X. 7 =374 square inches. 

The effective gap density for 24.7 megalines is 24,700,000 
-5-374 = 66,000 lines per square inch, and the ampere-turns 
required for a ^-inch air gap will be / r=. 313X^X66,000 
= 4,519. As this value is between 4,300 and 4,800 ampere- 
turns, it will be considered satisfactory. 
7 

The values, — inch for the length of the air gap for the main 
32 

poles, and 374 square inches for the effective area of the air gap, 

are also considered satisfactory. 

44. The 250-volt armature has 110 slots, each .268 inch 
wide. The abscissa. Fig. 2, will be - - = 1.23, and the corre- 

sponding ordinate will be .19. 

The circumference of the armature should be reduced .19X 110 
X. 268 = 5.6 inches; therefore, the effective circumference will 
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be 84.82-5.6 = 79.22 inches. The effective length of the arma- 
ture is 6.845 inches, and the effective area of the air gap will be 
79.22 X 6.845 X. 7 =380 square inches. 

45. The 550-volt armattire has 59 slots, each .5 inch wide. 

5 
The abscissa, Fig. 2, will be ^—=2.29, and the corresponding 

TS 

ordinate will be .305. The circumference of the armature should 
be reduced .305X59X.5=9 inches; therefore, the effective cir- 
ctimference will be 84.82—9 = 75.82 inches. The effective 
length of the armature is 6.845 inches, and the effective area 
of the air gap will be 75.82 X 6.845 X. 7 =363 square inches. 

46. When calculating the sizes of the various armature 
slots the assumption was made that the same amoimt of steel 
was to be punched out in each of the three cases; there- 
fore, the total cross-sectional area at the tooth roots and at 
the tooth tops will be the same for the three types of arma- 
ture. It is not necessary that this be done, but it is some- 
times desirable to do so, because the only difference between 
the magnetic circuits of the tnree windings is in the teeth 
and the air gaps, and if these are nearly alike, the magnetic 
circuits of the three types of machines may be considered as 
identical. In this case the effective areas of the air gaps are 
374,380, and 363 square inches, and the average will be 
S72 square inches. 

The errors in using this average value for the area of the air 

gap and considering the magnetic circuits as identical are 

2 8 

X100=.53 per cent, plus; X 100 = 2.1 per cent, plus; 

374 380 

9 
and — =2.5 per cent, minus for the gap ampere-turns. For 
363 

very careful calculations these errors might be considered too 

great, but ordinarily it is expensive to construct a machine 

of this size so that its air gap is within .01 inch of its correct 

length. The length .01 inch corresponds to - X 100 = 4.5 per 
cent, of the length of the air gap, so that the error of averaging 
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the air-gap areas is small with respect to the probable error 
in the gap itself. 

47. The excitation available for establishing magnetic 
leakage is that required for the armature core, the teeth, the 
air gap, and the allowance to overcome the effects of armature 
reaction. The effective area of the armature core was foimd 
to be 358 square inches, and the length of this part of the mag- 
netic ciroiit is 5 inches, as indicated in Fig, 6. For a flux of 

25 megalines, the density in the core will be — '- '■ =70,000 

ooo 

lines per square inch. 

Reference to Fig. 1, Design of Direct-Current Machines y 

Part 2, shows that a density of 70,000 lines in annealed sheet 

steel requires 12 ampere-turns per inch, so for 5 inches, 

60 ampere-turns will be required. The densities at the tooth 

roots and tops for a flux of 25 megalines and for the areas of 

184 and ££7 square inches, as previously determined, will be, 

^. - 25,000,000 ,«^^vv^ . 25,000,000 ..^.^n 

respectively, — — = 136,000, and — - — - — = 110,100, 

*^ ^ 184 227 

lines per square inch. 

48* The tooth may be considered as being divided into 

four parts, as in the case of the 5-horsepower motor problem, 

Art. 9. The difference in density between the bottoms and 

tops of the teeth is 136,000-110,100 = 25,900 lines, and it may 

be considered that this density changes in four equal increments 

25 900 

of — '- = 6,475 lines per square inch. 

4 

The density at the top of the tooth is 110,100 lines, and at 

the top of the next section it will be 110,100+6,475 = 116,575 

lines. The average density for the first section will be 

110,100+116,575 ,,«^^Q,. ^, ^ %. . *u 
= 113,338 Imes. The average density m the 

second section will be 113,338+6,475=119,813 lines; in the 
third section 6,475 more, or 126,288; and in the fourth section 
6,475 more than in the third section, or 132,763 lines per square 
inch. The ampere-turns per inch for these sections are fotmd 
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from Fig. 1, Design of Direct-Current Machines y Part 2, to be 

215, 380, 550, and 750 ampere-tums, and the average of these 

.„ , 215+380+550+750 ^., ns. y ^u c .u ^ .u 

will be ■ ■ ' = 474. The length of the teeth 

4 

is 1.65 inches; therefore, the ampere-turns reqtiired for the 
teeth will be 474X1.65 = 75^. 

The density for the ^-inch air gap, foimd by using the aver- 
age values 25,000,000 lines and 372 square inches, will be 

— '- =67,200; and the ampere-tums for the air gap will 

be AX67,200X.313=4,^0i. 

49. This generator is equipped with commutating poles, 
and the brushes are not shifted from the true neutral position; 
therefore, there will be no back ampere-tums. Because of 
the action of the commutating poles, there should be no short- 
circuited currents in the coils tmdergoing commutation. There 
remains only the weakening effect due to the shifting of the 
flux under the main poles. 

With an armature reaction of 5,330 ampere-tiuns, gap ampere- 

turns 4,601, and a ratio — - - = 1.16, the armatiu^ interference 
4,601 

may be taken as about 10 per ceat. of the armature reaction, 

or 533 ampere-tiuns. 

50. The excitation establishing magnetic leakage will be 
the sum of 60 ampere-tums for the armature core, 782 for the 
teeth, 4,601 for the gap, and 533 for the armature interference 
caused by the armatiu-e reaction, or a total of 5,976 ampere- 
turns. . With a leakage constant of 820, Art. 40, the leakage 
flux for 5,976 ampere-tums will be 820X5,976=4,900,000 lines. 

The armature flux was taken as 25 megalines; therefore, the 
maximum flux in the cores of the field magnets will be 4.9+25 
= 29.9 megalines, or 29.9 -^ 25 =1.196 times the armature flux. 
This ratio, 1.2 approximately, of the field flux to the armature 
flux is the coefficient of magnetic leakage and will remain nearly 
constant for changes of flux, but will change for changes in the 
length of the air gap. 
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51. If the armature flux is 25 megalines and the leakage 
coefficient is 1.2, the field flux will be 25X1. 2 =30 megalines 
for the six poles, or 5 megalines per pole. 

The poles are to be of sheet-steel pimchings, 90 per cent, of 
which may be considered as metal and 10 per cent, as scale 
and air space. A density of about 95,000 lines per square inch 

should be used, so for 5 megalines, -^ *- = 52.6 square inches 

^ 95,000 ^ 

52 6 

of metal, or — ^ = 58.4 square inches of pimchings, will be 

required. 

The main poles will be made 7 inches long parallel to the shaft ; 
therefore, for an area of 58.4 square inches, the pole section 
should be 7 inches by 8.34 inches. If the section is made 
7 inches by 8i inches, the density for the 5-megaline field flux will 

then be — '- ' =96,000 lines per square inch. The metal 

7X8.25X.9 

area of the six poles will be 7X8.25X.9X6=Si^ square inches. 

52. The radial length of the space for the field coil may be 
taken as from 60 to 75 per cent, of the pole pitch. If a value 

of 65 per cent, is assiuned, the coil space will be '■ 

X. 65 = 9. 19 inches, or practically 9i inches. 

It is assumed that the coils will be woimd on spools with 
insulating heads. These heads will be at least | inch thick 
so that the spool will measure about 10 inches over all. To 
allow room for such a spool, the bore of the seat of the poles 
on the frame. Fig. 6, will be about 49 inches. The length of 
the average magnetic path in the pole may be measured as 
11 inches, as indicated in Fig. 6. The ampere-turns per inch 
required for a density of 96,000 lines per square inch in unan- 
nealed steel. Fig. 1, Design of Direct-Current Machines, Part 2, 
is 51.5 and the magnetomotive force for 11 inches 'will be 
567 ampere-turns. 

53. The flux in the yoke will be one-half of that in the pole, 
or 2.5 megalines. For a density of 75,000 lines per square inch 
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in cast steel, the yoke section will be 



2,500,000 



=33.3 square 



75,000 

inches. The area reqtiired for the total flux is 12 times this, 
or JfiO square inches. The length of the magnetic path in the 
yoke, as measured in Fig. 6, will be about 12i inches; but since 
the yoke spreads out over the field coils, the length of the path 
is taken as 16 inches. For a density of 75,000 lines per square 
inch, the corresponding ampere-tiuns per inch in cast steel 
will be 24, and for 15 inches the required magnetomotive force 
will be 24 X 15=3^0 ampere-turns. 

54. The data for the magnetic circuit may be recorded as . 
shown in the tabulation of data for the magnetic current. 

Magnetic Circuit 



Part 


Area 
Square 
Inches 


Length 
Inches 


Material 


Armature core 

Tooth roots 

Tooth toos 


358 

184I 

227/ 

372 

312 

400 


5 
1.65 

II 
15 


Annealed steel 
Annealed steel 


Effective air gap 

Magnet pole 

Magnet yoke — 


Air 

Unannealed steel 
Cast steel 



55. As there are a number of different fluxes to be con- 
sidered with the various windings, it will be best to compute 
and plot a saturation curve. Let it be assumed that the suc- 
cessive armature fltixes are 10, 20, 25, and 28 megalines, then 
the densities and corresponding ampere-tiuns may be com- 
puted as shown in the tabulation of data for saturation curve. 

56. The values of B and I T determined for the 25-megaline 
flux are inserted in columns 6 and 7. The values of B for the 
other total fluxes will be proportional to these fluxes directly 
and may be so calculated. Thus, for the 10-megaline flux, 
divide the armature-core density, 70,000, by 2 J, which equals 
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28,000 lines per sqtiare 
inch. For the 20- 
megaline fltix, the 
value of B lot the 
armature core will be 
twice 28,000, or 66,000 
lines per square inch. 
For the ^megaline 
flux, the value of B for 
the armature core will 
be 28,000X2.8=78,. 
400 lines per square 
inch. When* comput- 
ing the density in the 
poles and yoke the 
leakage coefficient of 
1.2 must be taken into 
consideration as is 
done in the values in 
the table. 

For each value of 
density the ampere- 
turns per inch are ob- 
tained from Fig. 1, 
Design of Direct-Cur^ 
rent Machines, Part 2, 
and this is mtiltiplied 
by the length of the 
path through which 
the flux of this density 
is to be maintained, in 
order to obtain the 
value of / r for the 
table. The ampere- 
turns for the teeth are 
fotmd by the method 
explained in Arts. 9 
and48« 
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57. If the total flux is plotted against the ampere-tums 
per pole, a saturation curve of the machine is obtained, as shown 
in Fig. 7. This curve may be checked experimentally when the 
machine is completed, by operating it at no load at a constant 
speed and observing the terminal volts with varying currents 
in the shunt-field windings. The fltix may then be calculated 
from the voltage, the speed, and the number of conductors in 
the armature winding, by the formula of Art. 2j Design of 
Direct-Current Machines, Part 1; and the field excitation 
expressed in ampere-tums is the product of the current in the 
field winding and the number of turns per coil. 



FIELD COILS FOR A 150-KILOWATT GENERATOR 

58. The 126-volt armature has one tiun per coil, parallel 
winding, with 168 coils and commutator segments. The num- 

ber of armature turns per pole will be =28, but since this is 

a six-path winding, only one-sixth of the total armature current 

is established in each of these 28 tiuns. The armature ampere- 

28 
turns per pole will be eqmvalent to those in a coil of — = 4| turns 

6 

carrying the total armature current. 

In Art. 34 the compensation for the commutating-pole wind- 
ing was calculated as 15| per cent. Each commutating pole 
should have 15^ per cent, more turns than 4|, or 4.66X1.156 
= 5.4 ttims. 

The number of turns on these poles must be nearly correct; 
5 turns is too few and 6 turns too many. Two methods may 
be utilized: one, to put 5 and 6 turns on alternate commu- 
tating poles; and the other, to put 6 tiuns on all poles and, by 
means of a low-resistance conductor connected across the series 
of coils, to shunt a part of the current to reduce the ampere- 
tums. The latter method will now be considered. 

59. The current output of the 125-volt machine is 1,200 
amperes. To obtain the same valiie of ampere-tums for the 
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6-ttim coil as the 5.4-tum coil will have with the full current 
of 1,200 amperes, the current must be reduced 10 per cent, by 
shimting ^V of the total current around the coil. The reduced 
current in the 6-tum coil will be l,200X.9 = i,050 amperes. 

The peripheral velocity of the armatiire is 4,060 feet per 
minute. Reference to curve c, Fig. 4, shows that one watt per 
square inch for a bare commutating-pole coil and a peripheral 
velocity of 4,060 feet will produce a rise in temperature of about 
30°C. Fora40^C.rise,40 
-1-30=1.33 watts per square 
inch may be dissipated. 

60. The length of the 
commutating pole, Fig. 6, is 
49-[27+(2XA)L^0^^^ 

lOf inches, approximately. 
Allowance of \ inch at the 
armature end for support- 
ing the coil and two f-inch 
insulating washers leaves 
9\ inches net coil space. In 
this space there are to be 
6 turns, each carrying 1,080 
amperes. 

When the leads are 
brought out as shown in 
Fig. 8, and the turns are 
wound spirally, there will be 
on the narrow side of the core near the terminals, five loops, num- 
bered 2, S, 4, 5, and 6 and two terminal conductors numbered 
1 and 7. The distance parallel to the pole from the upper side of 
conductor 1 to the lower side of 7 is to be 9.5 inches. These con- 
ductors are equally spaced and there are 7 of them, one more 
than the number of timis because of the spiral method of winding, 
each carrying a current of 1 ,080 amperes, between the extreme top 
and the bottom of the coil; that is, within the space of 9^ inches. 
The ampere-conductors per inch, upon which the heating 
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1 080X7 
depends will be ' - = 796. In this coil there are six turns. 

^ 9.5 

/ T 
but - does not represent the correct ampere-conductors per 

inch unless T is taken as seven. 

61. From the formula of Art. 17, the circular mils per 

ampere of the conductor will be =1.04 X =1.04X796 

/ I P 

X — - = 622. For 1 ,080 amperes, 622 X 1 ,080 = 672,000 circular 
1.33 

mils will be required. This is equivalent to 672,000 X 

= 528,000 square mils, or .528 square inches. 

62. Seven conductors will be spread in a length of 9.5 inches, 

or the space allowance for each conductor will be 9.5-^7 = 1.36 

inches. Allowing \ inch for insulation and clearance, the cop- 

528 

per conductor could be 1.36— .125 = 1.235 inches wide by 

^ 1.235 

= .428 inch deep. If the conductor is made .5 inch deep, it 

should be made .528 ^.5 = 1 .056 inches wide. Let it be decided 

to bxiild the conductor of 10 strands, each .11 inch wide and 

.5 inch deep. The total width will be 10X.11 = 1.1 inches, 

and the cross-sectional area of the conductor will be 10 X . 1 1 X .5 

= .55 square inch. The general appearance of the coil without 

spool heads and supports will be as indicated in Fig. 8. 

63. Allowance of a clearance of ^ inch between the pole 
and the copper, for insulation, makes the shortest distance from 
copper to copper on opposite sides of a pole that is 2| inches 
thick equal to 2J+A+A = 2i inches. The distance from 
center to center of copper is 2i-|-J-|-i = 3 inches. The ends of 
the coils are half circles of 3-inch mean diameter. The mean 
length of a turn will be (2X6)+3.1416X3 = 21.42 inches. 

The area of the conductor is .55 square inch = 550,000 sqtiare 
mils = 550,000 ^.7854 = 700,000 circular mils. Each coil con- 
sists of 6 turns, each 21 .42 inches long, plus two terminal leads 
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each about 3 inches in length. The total length of the coil 
will be 3+3+6X21.42= 134.5 inches. 

As explained in Art. 19, the resistance of six coils in series, 

when hot, will be r= ^ ^ X6 = .0012 ohm. 

700,000 

As explained in Art. 17, the loss in watts per square inch of 

• Iw 1 •iii^>. 1.04X1,0802X7 ,^_- 

copper m this coil will be p= = 1.277. 

^^ 9.5X700.000 

64. The annature winding for the 250-volt generator has 
110 coils of one turn each arranged in two parallel paths. The 

number of armature turns per pole will be — , and this divided 

6 

by 2, the number of paths in the series armature winding, is - — , 

6X2 

the number of turns per commutating pole that are the equiva- 
lent of the armature tiu-ns per pole. The addition of 15f per 

cent, for compensation makes the ntimber of turns X 1.156 

6X2 

= 10.6 ttuns. It will be necessary to wind 11 turns for each 

commutating-pole coil. 

If the copper is wound edgewise and spirally, as indicated in 

Fig. 8, allow in the heating calculations for one more conductor 

than the number of turns, or 12 conductors per coil space, each 

carrying the full-load current of 600 amperes. The ampere-con- 

600X12 
ductors per inch of the 9i-inchcoil space will be =758. 

66« For 1.33 watts per square inch, the circular mils per 
ampere will be 1.04X758X = 593. For 600 amperes, the 

l.Od 

conductor should have a sectional area of 593X600=355,800 

circular mils, 355,800 X .7854 = 279,000 square mils = .279 square 

inch. If the same size of strip is used as in the case of the 125- 

volt generator, five strips in parallel would be employed, and 

the sectional area will be 5X.11X.5 = .275 square inch. This 

275 X 10* 

is equivalent to - = 350,000 circular mils. 

.7oo4 
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The total length of the coil will be 3+3+11X21.42 = 241.6 
inches; and the resistance of the six coils in series, when hot, 

will be h^^^^'\Q = , 00431 ohm, 
350,000 

66. The armature winding for the 550-volt generator has 
236 coils of 1 turn each and they are arranged in two paths. 
The number of ttmis per commutating pole, 15 J per cent, com- 

236 

pensation being allowed as before, will be X 1.156 =22.74. 

6X2 

It will be necessary to wind the coils with 23 turns each. 

The full-load current is 273 amperes; therefore, the amperes 

per inch on the commutating pole will be =690. 

67. For 1.33 watts per square inch, the circular mils per 
ampere should be 1 .04 X 690 X — - = 540. For 273 -amperes, the 

l.oo 

cross-sectional area shoxild be 273X540 = 147,000 circular mils, 
147,000 X. 7854 = 115,500 square mils, or .1155 square inch. 
If i-inch copper strip is used, the total thickness of the con- 
ductor shoxild be about .1155-t- .5= .231 inch thick It is prob- 
able that two strands of .11''X.5" copper, or '- '- 

"^ .7854 

= 140,000 circular mils, would be sufficient, and there would 
be the advantage of using the same stock of copper as for the 
commutating coils of the 125-volt and 250-volt generators. 
If, upon trial, the conductor is heated more than is desirable, 
the new coils can be made of larger stock. 

The total length of the coil will be 3+3+23X21.42 = 498.7 
inches, and the resistance of the six coils in series, when hot, 

will be ^^^-"^^^-Ix&^.Om ohm, 
. 140,000 

68. Generators are usually required to compound; that is, 
to develop some desired voltage at no load and some other 
voltage, greater than the first, at full load. Also, there is often 
a decrease in the speed of a generator as it is loaded, and 
the action of the field windings must cause the generator to 
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compound in spite of the change in speed. Assume that the 
generators of the three specified voltages will be driven at 
600 revolutions per minute at no load, and at 575 revolutions 
per minute at full load. 

69. Let it be required that the 125- volt machine shall com- 
pound from 120 volts at no load to 125 volts at full load, both 
being terminal voltages. 

At no load, there is practically no drop of voltage in the arma- 
ture windings; therefore, the internal voltage developed is the 
same as the terminal voltage. The flux required to generate 
120 volts, as calculated by a modification of the formula of 
Art. 2 J Design of Direct-Current Machines, Part 1, will be 

^ - E^XwXeOXlO* 120X6X60X10« ^. , ,. 

p 0= = = 21.4 megalmes. 

fS 168X2X600 

70. At full load the internal voltage must be greater than 
the terminal voltage 125 by an amoimt equal to the total drop 
in voltage in the armature winding, the brushes, the com- 
mutating-pole coils, and the series coils. The armature resis- 
tance is .00285 ohm and the drop in the armatiu^ winding will 
be 1, 200 X. 00285 =3.-^ volts. The current density in the 
brushes is 29.1 amperes per square inch, and the drop in the 
brushes is 2.41 volts. The resistance of the commutating-pole 
winding is .0012 ohm, and the full-load current in these coils 
is 1,080 amperes. The drop will be 1, 080 X. 0012 = i.S volts. 
The drop in the series-field winding is still tmknown, but it 
is usually so small that an estimate is accurate enough for use 
in the calculation of the total flux. The winding data may be 
calculated on the assumption made and then corrected later 
if an error in the estimate is foimd. For the series-field wind- 
ing on commutating-pole machines, assume one-sixth of the 
armature drop, and for non-commutating pole machines, one- 
fourth of the armatiu^ drop. In this case i of 3.42 = .57 volt. 

The generated internal electromotive torce will be the ter- 
minal voltage plus the drop in voltage in thfe armature, brushes, 
commutating coils, and series coils, or 126+3.42+2.41+1.3 
+.57 = 132.t volts. It will be well to allow 133 volts, so as to 
leave something for the drop in the leads and connections. 
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The fltix reqtiired to generate 133 volts at a speed of 575 revo- 

w • ^ -11 1^ >. ^ 133X6X60X10* ^,^ 

lutions per minute will be p 0= =24.8 

168X2X575 

megalines. 

71. Reference to Fig. 7 shows that for 21.4 megalines, 
4,800 ampere-tums per pole are required, while for 24.8 mega- 
lines, 6,300 ampere-tums per pole are needed. At full load, 
besides the ampere-tums required for the flux used in gener- 
ating the internal voltage, there are needed. Art. 49, 
533 ampere-tums to overcxjme the effects of armature reaction, 
which makes a total of 6,833 ampere-ttims. 

A shunt-field coil that maintains 4,800 ampere-tums on 

125 
120 vcdts, under no-load conditions, will maintain 4,800X - 

=5,000 ampere-tums on 125 volts under full-load conditions. 
The full-load excitation of 6,833 ampere-turns will be made up 
of 5,000 ampere-tums for the shimt coil and 1,833 ampere-turns 
for the series coil. 

72. Reference to Fig. 6 shows that the total space for one 
shunt coil will be 10 inches. Let it be assumed that the coils 
are to be wound on spools provided with a sheet-iron body and 
heads of veneer board. The net space for wire will be 9} inches 
and there will be 6,833 ampere-tums per coil, or 6,833 -^ 9.25 
= 759 ampere-turns per inch of winding space. 

73. These coils will have no wrapping of insulation over 
the wire; therefore, curve B, Fig. 4, should be used for deter- 
mining the rate of heat dissipation. The peripheral speed of 
the armattu-e is 4,060 feet per minute, and for this value 1 watt 
per square inch will cause a rise of 35° C. ; therefore, for a rise 

40 
of 40** C, — = 1.14 watts per sqtiare inch may be dissipated. 

74. The circular mils per ampere required will b^ - = 1.04 

X739X = ^74. The full-load amperes are 1,200; there- 

1.14 

fore, for a series coil of 1,833 ampere-tums, at least two turns 
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must be used. Two tiuns and 1,200 amperes will produce 2,400 
ampere-tums; therefore, for 1,833 ampere-turns the current 
will have to be shunted down to l,833-^2=Pi^.5 amperes. 
For 916.5 amperes, the cross-sectional area of the conductor 
will be, approximately, 916.5X674 = 618,000 .circular mils, 
618,000X. 7854 =485,000 square mils, or .485 square inch. 
The series coil may be placed either alongside or underneath 
the shunt coil. In the latter case, a strip conductor is com- 
monly used for the larger machines. In this case, assume the 
series coil to be beneath the shunt coil and the copper strip 
to be 9 inches wide and .055 inch thick, or .495 sqtiare inch 
in cross-section. 



75. The section of the main pole piece, Fig. 6, is 8J inches 
by 7 inches, and the perimeter 2X8i+2X7 = 30.5 inches. 
The length of the shortest turn 
in the field spool will be about 
1 inch more than this, or 31.5 
inches. 

To insulate the copper of the 
series winding, let it be wound 
with a strip of muslin about 
15 inches wide wrapped around 
the copper strip as far as it will 
go. The muslin is 6 inches 
wider than the strip, so that it 
will cover one side and lap 3 
inches along both edges on the 
other side, thus leaving 3 inches near the center of that side 
bare. Between every layer so woxmd there will be two thick- 
nesses of muslin near the edges and one thickness near the 
middle of the copper strip. The thickness of the muslin strip 
may be taken as .01 inch, which makes the insulation thick- 
ness per ttUTi .02 inch. Sheet copper .055 inch thick usually 
requires a little extra room due to slight irregularities in the 
surface; therefore, it is well to allow .03 inch for insulation 
IDer turn. The depth of the series winding will be 2 (.055+ .03) 
= .17 inch. 




Pig. 9 



Digitized by 



Google 



46 DESIGN OF § 60 

To obtain the mean length of a series turn add 3. 1416 X. 17 
= .5 inch to the length of the shortest turn, 31.5 inches, making 
82 inches. The length of two turns will be 64 inches. 

When winding this coil, a lead i inch by 2 inches, Fig. 9, is 
soldered to one end of the large copper strip. The lead is 
bent at right angles and one of the spool heads is grooved 
to receive it. The lead should project about 3 inches from 
the coil. 

7G. When calculating the resistance of the series coils, an 
allowance must be made for the leads and connections between 
the coils. The length of the connections between the series 
coils, Fig. 6, is estimated at 10 inches, and the leads may 
be taken as equivalent to 5 inches each, or 10 inches for 
both. The allowance per coil for leads and connections will be 
20 inches. 

Let the connections be made of two strands of tV''X2' 
copper which together make the same cross-section as the 
leads, or JX2 = .25 square inch. The copper in the coil has 
a cross-section of .495 square inch. A length of 20 inches 

495 

of the smaller strip has the same resistance as 20 X^ — =40 

.25 

inches of the larger strip. Adding 40 inches to 64 inches of 

winding length makes 104. inches eqtiivalent length of winding, 

leads, and connections per coil. A cross-section of .495 square 

inch is eqtiivalent to 630,000 circular mils. As explained in 

Art. 19^ the resistance of the six series coils, when hot, will be 

l^^^^X6 = . 00103 ohm. 
630,000 

77/ As explained in Art. 17, the watts lost per square inch 

in the copper of the series coils with a current of 916.5 amperes 

.„ , ^ 1.04X916.52X2 ^^^ 

will be p = =.308. 

9X630,000 

If the total allowable heat dissipation, in watts per square 

inch, is 1.14, Art. 73, and of this the series winding dissipates 

.308 watt per square inch, the shunt may dissipate .832 watt 

per square inch. 
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78« The shunt coils mtist maintain 5,000 ampere-tums, 
Art. 71, with a loss of .832 watt per square inch. The drop 
of voltage in the shunt coils should be about 80 per cent, of 
the line voltage, leaving 20 per cent, for the field rheostat; 
therefore, in this case there should be 126 X .8= 100 volts across 
the terminals of the six coils in series, or 100 -^ 6 =16.7 volts 
across the terminals of each coil. 

• The shortest turn of the shunt coil will be the same as the 
greatest turn of the series coil. The shortest turn of the series 
coil is 31.5 inches, the mean turn, 32 inches, and the greatest 
turn, 32i inches. The mean length of the shunt turn may be 
estimated as 36 inches, approximately. 

79. As explained in Art. 19, the size of the shimt wire 

. - .„ , 1.04X36X5,000 ., onn • i -i 

required will be a= — =11,200 circular mils. 

16.7 

Reference to Table I shows that the next larger size of wire is 

No. 9 B. & S., having an area of 13,049 circular mils. If this 

size is used, the drop in volts in the six coils will be less than 

100 volts and, therefore, a greater drop must be absorbed in the 

field rheostat. 

If it is important to maintain just 100 volts on the coils, 

two sizes of wire may be used to wind the coils; but in 

generators a single size of wire is frequently used in the 

shunt coils. 

80« As explained in Art. 18, the number of turns per coil 

will be r=--—^ 1 =268. In sizes larger than No. 10 

9iX 13,094 X. 832 

or No. 12 B. & S., it is customary to use double-cotton covered 

wire for field coils, while for smaller sizes, single-cotton coVered 

wire may be used. No. 9 B. & S. double-cotton covered wire 

measures .126 inch in diameter. When wotmd side by side, 

the wires take up a little more room than their diameter and a 

practical rule is to allow for the size of double-cotton covered 

wire when single-cotton covering is to be used, and to allow 

for the size of triple-cotton covered wire when double-cotton 

covering is to be used. 
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No. 9 B. & S. triple-cotton covered wire has a diameter of 
.13 inch; and in a length of 9i inches, 9.25-:-. 13 = 71 turns 
may be placed in a single layer. Four such layers will make 
S84 turns, which are more than required, but it will make a 
better looking coil to complete the last layer. 

With 284 turns per coil and 67 turns per sqtiare inch, TaMe II,, 

284 

— =4.24 sqtiare inches of winding space will be required. If 
67 

this space is 9i inches wide, it will be 4.24 -7-9.25 =.46 inch 

deep. 

81. The shortest turn of the shunt coil is 32.5 inches in 
length, and the mean turn of the shunt coil will be 32.5+3.1416 
X.46=34 inches. As explained in Art. 19, the resistance of 

the six shunt coils, when hot, will be f=-^ X6 

13,094 

=4-6 ohms. 

For 5,000 ampere-ttims with 284 turns, the current will be 
5,000-5-284 = 17.6 amperes, and the drop of voltage in the six 
coils will be 17.6X4.6 = 81 volts, leaving 44 volts for the field 
rheostat to absorb. 

As explained in Art. 17, the watts per square inch on the 

, ^ .- .„, ^ 1.04X17.6^X284 ^^^ 

shunt coil will be p = = .766, 

9.25X13,094 

The watts per square inch are .308 for the series coils and .756 

for the shunt coils, or a total of 1.063, 

82. For the 250-volt machine, the no-load voltage may be 

taken as 240; hence, at 600 revolutions per minute, the total 

a 'uu^j.^ 240X2X60X10« ^, ^ ,. ^. 

flux will be p (^= =^1.8 megaknes. Reference 

110X2X600 

to Fig. 7 shows that for 21.8 megalines, 4,900 ampere-turns per 

pole will be required. 

83. The armature resistance is .0116 ohm, and the drop 
for the full-load current of 600 amperes will be .0116X600 
= 6.96 volts. The brush drop is 2.52 volts. The oommutating- 
pole coils have a resistance of .00431 ohm and the drop will be 
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.00431X600=2.59 volts. The drop in the series-field coils, 
including leads and connections, may be taken as 2 volts, 
approximately. The total drop will be 14 volts and the inter- 
nal electromotive force at full load will be 250-1-14=264 volts. 
At the full-load speed of 575 revolutions per minute, the 

..^ifl ' A 'ui^^^ 264X2X60X10« _ ,. 

total flux reqmred will be p 0= =26 megcutnes. 

^ ^ 110X2X575 

Reference to Fig. 7 shows that for 25 megalines, 6,450 ampere- 
turns will be required. If, as before, 533 ampere-turns are 
allowed for overcoming the effects of armattu-e reaction, the 
total full-load excitation will be 6,450-1-533 =^,P^5 ampere- 
turns. 

The shimt ampere-turns at no load are 4,900 and the ter- 
minal voltage 240. For a terminal voltage of 250, the shunt 

250 

excitation at full load will be 4,900 X — = 5J0O ampere-iums. 

240 

The series coils will provide 6,983—5,100=1,883 ampere-turns. 

84. With the full-load current of 600 amperes, three turns 
will produce 1,800 ampere-turns, and four turns, 2,400. It 
will be best to use four turns and shunt a portion of the 
main current arotmd the series coils to obtain the proper 
excitation. The current in the series coils should be 1,883-5-4 
=471 amperes. 

85. The length of the winding space for the shunt and the 
series coils is 9 J inches, there being 6,983-5-9.25 = 755 ampere- 
turns per inch. For a rate of heat dissipation of 1.14 watts 

per square inch, the circular mils per ampere will be - = 1.04 

X755X— =689, 
1.14 

86. The conductor for the series coil should have a cross- 
section of 689X471=325.000 circular mils, 325,000 X. 7854 
= 255,000 square mils, or .255 square inches. Sheet copper 
.03 inch thick by 9 inches wide has a cross-sectional area of 
J^7 square inches, or 344,000 circular mils, and this is ample. 
Adding an allowance of .03 inch per turn of conductor for 
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insulation, Art. 75, the depth of the series winding will be 
.03X4+.03X4 = .24 inch. 

The shortest length of a turn on the spool is 31 J inches and 
the mean length of a turn of the series coil will be .24X3.1416 
+31.5=32.25 inches. The length of copper for four ttims 
will be 32.25X4 = 129 inches. Adding 40 inches per coil, 
Art. 76, as an allowance for leads and connections, makes 
the equivalent length of copper in the coil, as far as resistance 
is concerned, about 129+40 = 169 inches. 

87. The resistance of the six series coils, when hot, will be 
1.04X169^^^^^^ 

344,000 
The watts lost per square inch in the series coil will be 

9X344,000 
The watts per square inch permissible in the shunt coil are 
1.14 -.298 = .5^. 

88. The full-load excitation of the shtmt coil, 5,100 ampere- 
turns, is nearly the same as for the 125-volt generator, but the 
voltage is double; therefore, the cross-sectional area of the 
shunt-coil wire will be half that of the 125-volt machine, or 
about 6,500 circular mils. A No. 12 B. & S. wire with a cross- 
sectional area of 6,529 circular mils will be selected. 

The number of turns per shimt coil will be 7= — '- '- 

9iX6,529X.842 

= 532. 

Either single- or double-cotton covered wire will be satis- 
factory. Single-cotton covered wire will be selected and the 
outside diameter of double-cotton covered wire will be used 
in determining the nimiber of turns per layer, which will be 
9.25-^.091 = 102. Six layers will contain 612 turns and this 
nimiber will be used. The current for 5,100 ampere-turns will 
be 5,100^612 = 5.55 amperes. 

89. For 612 timis at 135 turns per square inch. Table II, 
a cross-sectional winding area of 612-^135=4.53 square inches 
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will be reqtiired. The depth of the winding space will be 
4.53^9.25 = . 49 inch. 

The shortest length of a ttim of the shunt coil will be .48 
X3.1416+31.5=33 inches; therefore, the mean length of a 
turn will be .49X3.1416+33 = 34.5 inches. 

The resistance of the six shunt coils, when hot, will be 
1.04X34.5X612 ^^^^^ ^^^ ^^^^ ^ voltage with 

6,529 
8.33 amperes will be 168, leaving 220-168=52 volts for the 
field rheostat to absorb. 

90. Generators developing 550 volts are often required 
to compound from 500 volts at no load to 550 volts at the ter- 
minals for full load. The total flux imder no-load conditions 

lit. .V 500X2X60X10* ^, ^ ,. 

will be p 0= ^-^-^ — - — =^1.2 megaltnes, 

236X2X600 

Under full-load conditions, the drop in the armature winding 

will be .0572X273 = 15.6 volts; the drop in the brushes, 2.55 

volts; the drop in the commutating-pole coils, .0222X273 

= 6.1 volts; and the drop in the series coils may be taken as 

6 volts, approximately. The internal fxill-load electromotive 

force will be 550H- 15.6-1-2.55 -|-6.1+6=5S0wte. 

91 • The total flux for 580 volts at 575 revolutions per 

• ^ .„. 580X2X60X10* _^ .. 

minute will be =25.6 megaltnes. 

236X2X575 

Reference to Fig. 7 shows that for 21.2 megalines, 4,700 
ampere-turns per pole, and for 25.6 megalines, 6,750 ampere- 
turns per pole, will be required. Adding 533 ampere-turns to 
overcome the effects of armature reaction makes the total fxill- 
load excitation 6,750-1-533 = 7,283 ampere-turns. On full load 

550 
the shunt ampere-turns will be 4,700 X — = 5,170 The series 

oUU 

coils will provide 7,283—5,170=2,113 ampere-turns. 

92. It is advisable to insulate the series winding from 
the shunt winding more thoroughly for the 550-volt machine 
than for those of lower voltages, as there is considerable 
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danger of a breakdown of the insulation between the two 
windings. 

A method often employed is to place the series and shunt 
windings side by side on the field spools and separate them by 
a partition. K this partition is made f inch thick and is other- 
wise similar to the spool heads, the winding space for both 
coils will be 9i — f = 8| inches. The series winding will occupy 

2 113 
8|X-^ — = 2.57 inches. A space allowance of 2f inches will 
7,283 

be made and the coil will be wound with copper 2^ inches wide. 

The calculated number of ttims in the series coil will be 

2,113-5-273 = 8, nearly. In order to allow for variation in the 

quality of the steel and to provide for the use of a shtmt to 

the series coil if desirable for the regulation of the compounding, 

9 turns per coil will be used. 

93. For 2,113-^2.5=845 ampere-turns per inch and a rate 
of heat dissipation of 1.14 watts per square inch, the circular 

mils per ampere will be ? = 1.04X845X =771. For 273 

/ 1.14 

amperes, the conductor will have a cross-sectional area of 

771X273 = 210,000 circular mils; 210,000 X. 7864 =165,000 

square mils, or .165 square inch. 

Copper strip 2\ inches wide and .07 inch thick, and 

having a cross-sectional area of .176 square inch, will be used. 

Adding an allowance of .03 inch per turn of conductor for 

insulation makes the depth of the series winding .03X9-|-9X .07 

= .9 inch. 

94. The space for the shunt winding will be 8J— 2t=6i 
inches. In this space 5,170 ampere-turns are to be provided. 
Allowing 20 per cent, of the full-load voltage for the drop in 
the field rheostat, the voltage for the six shunt coils in series 
will be 550X. 8=440, or 440^6 = 73 per coil. 

No. 12 B. & S. wire gave 5,100 ampere-ttmis with 168 volts 
in the case of the 250- volt machine; therefore. No. 15 B. & S. 
wire will give the same number of ampere-turns on twice this 
voltage, or 168X2 = 336 volts. For 440 volts, a reasonable 
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estimate will be No. 16 B. & S. wire, having a cross-sectional 
area of 2,583 circular mils. 

The ntimber of turns will be T= '- ' =1,510. 

6.25X2.583X1.14 

95, Single-cotton covered No. 16 B. & S. wire will be 
employed and the outside diameter of double-cotton covered 
wire, .059 inch, will be used in the calculation for the number 
of turns per layer. In a length of 6i inches, 6.25 -5- .059 = 106 
turns may be wound. For 1,510 turns, l,510-^ 106 = 14.25 layers 
will be required. Fifteen layers will be wound, making 15 X 106 
= 1,690 turns. From Table II, 1,590-5-315 = 5.05 square inches 
of winding area will be required, and the depth of the shimt 
winding will be 5.05-f-6.25=.81 inch. 

The series coil will be .9 inch deep and the shunt coil .81 inch. 
If, on account of appearance, these two coils are not considered 
near enough alike in depth, the series coil cotdd be wound with 
a little wider and a little thinner copper strip. 



EFFICIENCY 



EFFICIENCY OF THE 5-HORSEPOWER MOTOR 

9Q. The efficiency of a motor or generator is the ratio of 
power output to the power input, and is usually expressed in 
percent. 

The data of the 5-horsepower motor, as developed in this and 
the previous Sections, will first be considered. The loss in the 
armature steel is 149 watts; in bearing friction and windage, 
40 watts; in brush friction, 19.9 watts; making a total of 208.9, 
or ^10 watts, approximately, lost mechanically. 

The armature P i? loss will be 39.8«X.34 = 539 watts; the 
P R loss in the brush contact surface is 95.5 watts; the loss in 
the shtmt-field coils will be the product of 2.46, the cturent 
in them, and 115, the line voltage, or 283 watts, making the 
total electrical losses 917.5 watts, approximately. The total 
losses will be 210+917.5=^1127.5 watts. 

285-12 



Digitized by 



Google 



54 DESIGN OF § 60 

« 

The output of the motor will be 746X6 =S,750 waUs; the 
input, 3,730+1,127.5=4,^57.5 watts; and the efficiency at full 
load, 3,730-5-4,857.5= re.S per cent. 

97. It is often desired to calculate the efficiencies of motors 
vWd generators under various load conditions. These load 
points are usually half load, three-quarter load, full load, and 
one-and-a-quarter load. 

In a motor, the core loss is very nearly constant under all 
loads and may be so assumed. The brush friction and bearing 
friction may be assumed as constant tmless there is a very 
great difference in the speed between no-load and full-load 
conditions. The shunt-field loss of a motor does not change 
with the load, since the shunt-field coil is usually connected 
directly across the circuit and, therefore, the current in the 
coil remains practically constant. The constant losses are, 
therefore, 210+283=493 watts. 

The variable losses are the P R losses in the armature wind- 
ing and in the brushes. The ntunber of watts converted from 
electrical into mechanical energy equals the output plus the 
mechanical losses, both expressed in watts. 

The armature currents for the different load conditions are 
calculated by either formxilas 1 or 2 of Art. 32, Design of 
Direct-Current Machines ^ Part 1. 

To determine the value of £«, the current density in the brush, 
and the brush drop, may be calculated preliminarily as if the 
annature current at fractional loads was equal to the armattire 
current at full load times the fraction of the load. When the 
value of the armature current is known, the brush drop may be 
calculated with greater accuracy. If formula 2 is used for 

the half-load condition, / = - — — — /( ) —-: — = 19.5 

2X.34 \/\2X.34/ .34 

amperes. 

The Sections on the design of the armature and commutator 

for the 5-horsepower motor in Design of Direct-Current Machines y 

Part 1, should be consulted in connection with the general 

methods of calculating the other values for the fractional-load 

conditions. 
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The data pertaining to the calculations of the eflSciency may 
be tabxilated as follows: 

Three- One- 

quar- and-a- 

Half ter Pull Quarter 
Load Load Load Load 

Output, watts 1,866 2,798 3,730 4,663 

Mechanical loss, watts 210 210 210 210 

Converted watts 2,075 3,008 3,940 4,873 

Armature current, amperes 19.5 29.3 39.8 51.3 

Current density in brushes, am- 
peres per square inch 13.9 20.8 28.4 36.5 

Drop in brushes, volts 2. 2.22 2.4 2.54 

i' /? loss in armature, watts 129 292 539 895 

/»/? commutator loss, watts 39 65 .95.5 130 

Total variable losses, watts 168 357 634.5 1,025 

Total constant losses, watts 493 493 493 493 

Total losses, watts 661 850 1,127.5 1,518 

Output, watts 1,865 2,798 3,730 4,663 

Input, watts 2,526 3,648 4,857.5 6,181 

Efficiency, per cent 73.8 76.7 76.8 75.4 

9S. In place of the nearly accurate current calculations 
just made, the armature current for a load condition is some- 
times taken as the full-load armature current times the frac- 
tion of the load. Thus, if 39.8 amperes is the full-load armature 
current, the current for the half-load condition may be taken 
as 39.8-5-2 = 19.9 amperes, approximately. Or, the PR loss 
in the armature may be taken as proportional to the square 
of the fraction of the load. Thus, if 539 watts is the full-load 
P R loss, the loss at half load will be (i)*X539= 134.8 watts. 

With this approximate method of calculation, the current 
density in the brush may be assumed to vary directly with the 
load; that is, at half load the current density will be 28.4 Xi 
= 14.2 amperes per square inch. The errors caused by these 
assumptions are usually so small as to permit of this method 
for efficiency calculations except where accurate determinations 
are required. 
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99. There are some losses that occur which are not easily 
determined. These are sometimes called load losses, or stray 
losses. They include the loss due to the short-circuited cur- 
rents in the armature coils under commutation, the increased 
core loss, and the pole-face eddy current loss due to the shifting 
and, therefore, concentrating of the magnetic flux under load. 

100. The foregoing general method of calculating the 
efficiency is known as the summation of the losses, or the sepa- 
ration of the losses, and does not give exactly, the true efficiency. 
The resxilt is sometimes called the conventional efficiency. The 
only way the efficiency can be accurately determined is to 
measure the power input and the. output by tests on the 
completed machine. 

Since mechanical power is not easily and accurately deter- 
mined, the separate-loss method is often used. The efficiencies 
of motors and generators are often guaranteed by the makers 
to be not less than certain values, which are to be determined 
by the separate-loss or other specified method. 



EFFICIENCY OF THE 150-KILOWATr GENERATOR 

101. The separate-loss method as applied to generators 
differs but little from its application to motors. In generators, 
the flux is greater at full load than at no load, and the difference 
is so great that it usually cannot be neglected. 

The core loss at no load and at full load is usually estimated 
by using the no-load and the full-load fluxes to obtain the 
densities; and the losses at fractional loads and overloads are 
taken as proportional to those obtained for no load and full load. 

102. All losses in shunts and regulating resistances are 
chargeable to the generators, but bearing friction and windage 
in engine-driven units where the armature is mounted on the 
engine shaft directly, are chargeable to the engine. In any 
case where the generator has separate bearings from the engine, 
the losses in these bearings, and the windage, are chargeable 
to the generator. 
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103. The efficiency of the 150-kilowatt, 250-volt generator 
will be calculated at half, three-quarters, full, and one-and-a- 
quarter loads, The flux at no load is 21.8 megalines, Art. 82, 
and at full load is 25 megalines. Art. 83. 

The total core loss at full load is 2,970 watts (Art. 67, Design 
of Direct-Current Machines, Part 1). The frequency at no load 

with a speed of 600 revolutions per minute will be — X- 

60 2 

= 30 cycles per second and the flux at no load is 21.8 megalines. 
The no-load core loss of 2,590 watts for these data is deter- 
mined in the same manner as for the full-load core loss. 

At half load, the core loss may be taken as the average of the 

two load values, or — '- — =2,780 watts; at three-quarters 

2 780+2 970 
load, — '- — =2,880 watts, at one-and-a-quarter load, 

2,970+(2,970-2,880) =3,060 watts. 

104. The armature resistance is .0116 ohm, the commu- 
tating-pole coil resistance is .00431 ohm, and the series-field 
coil resistance is .00307 ohm, making a total of .019 ohm. In 
the case of the commutating-field and series-field windings some 
of the main current was expected to be shimted aroimd the coils, 
so in using the total resistance of these windings the losses are 
slightly overestimated. 

The shunt-field current is 8.33 amperes, and this passes 
through the armature, commutating coils, and series coils. At 
full load, the PR loss in the windings, exclusive of the shunt coil, 
will be (600+8.33)2x. 019 =7,030 watts; at half load, (i)*X7,030 
= 1,760 watts; at three-quarters load, (lYXl, 030=3,950 watts; 
at one-and-a-quarter load, (1)^X7,030 =11,000 watts. 

The brush drop is 2.52 volts at full load and the commutator 
P R loss with full-load current of 608.33 amperes will be 1,530 
watts. The current for the various loads may be taken as 304, 
456, 608.33, and 760 amperes, respectively. The P R commu- 
tator losses should then be determined as explained in Arts. 96 
and 97, Design of Direct-Current Machines , Part 1 , the losses being 
approximately 650, 1 ,080, 1 ,530, and 2,050 watts, respectively. 
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105. The brush-friction loss is t,S10 watts, and this value 
may be taken for the various loads. 

The full-load, P R loss in the shunt-field circuit, including the 
rheostat, at 250 volts is 250X8.33 =;^,050 watts. At no load 
the voltage is 240 and the reduction in voltage reduces the 
current to 8 amperes; therefore, the P R loss will be 240X8 

= 1,920 watts. At half load, the /«/? loss will be ^>^^+^'Q80 

2 

2 0004-2 080 
= 2,000 watts; at three-quarters load, -^zTlT^J^ = 2fi40 watts; 

at one-and-a-quarter load, 2,080 +(2,080- 2.040) =;^,;;^0 watts. 

106. The friction and windage loss can be approximated 
from experience with other machines by taking into considera- 
tion the size of the bearings, dimensions, and peripheral velocity 
of the armature, etc. ; but the main loss at the required speed 
is the bearing loss. The loss in ordinary machines rarely 
exceeds 1 per cent, of the output, and this amount may be used 
in this case, the loss being 150,000 -r VX)^ 1,500 watts. 

The data just determined may be tabulated as follows: 

Three- One-and- 

quar- • a-quar- 

Half ters Full ter 

Load Load Load Load 

Core loss, watts 2,780 2,880 2,970 3,060 

P R loss in armature, com- 

mutating coils, and series 

coils, watts... 1,760 3,950 7,030 11,000 

7* i? commutator, watts.... 650 1,080 1,530 2,050 

Brush-friction loss, watts... 1,310 1,310 1,310 1,310 

Shunt-circuit loss, watts.... 2,000 2,040 2,080 2,120 
Friction and windage loss, 

watts 1,500 1,500 1,500 1,500 

Total losses, watts io,000 12,760 16,420 21,040 

Output, watts 75,000 112,500 150,000 187,50 

Input, watts 85,000 125,260 166,420 208,540 

Efficiency, per cent 88.2 89.8 90. 1 89.9 
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107. A test on the ccmipleted machine may serve to check 
the calculated and estimated data in the tabulation just given. 
The current output, the current for the shunt-field circuit, 
and the resistances of the various coils may be measured. The 
watts required to drive the machine as a motor nmning free 
at its normal speed and with its full-load internal voltage may 
be considered as including the core loss, brush friction, bearing 
friction, and windage. In this test it is essential that the 
brushes be in the geometrically neutral position, as otherwise 
some short-circuited current loss will be included in these jree 
losses. 

To determine separately the core loss and the brush friction, 
the machine is usually driven by a small motor and the watts 
required to drive it with the brushes lifted from the com- 
mutator and with the field unexcited are noted. The field is 
then excited and the increase in power required to drive the 
machine is taken as the core loss. Again, with the field unex- 
cited, the brushes are put down on the commutator and the 
increase in power required to drive the machine is taken as the 
brush-friction loss. 
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DESIGN OF TRANSFORMERS 



FEATURES OP DESIGN 



IMPORTANT CHARACTERISTICS 

1. A satisfactory design of a transformer is a compromise 
between certain considerations, notably reliability and cost. 
Thorough insulation of the windings, high efficiency, good 
voltage regulation, and moderate temperature tmder full-load 
conditions are desirable for safe and economical operation, but 
to secure these characteristics ample insulating material and 
low working densities in copper and steel are required, all of 
which increase the cost of the transformer. • 

The most essential consideration is safety, and this is almost 
entirely dependent on the instdation. Insulation between high- 
and low-voltage windings is of the greatest importance, for in 
many cases, such as lighting transformers, the low-voltage 
circuit is freely handled by the customer. Insulation from the 
high-voltage winding to the case is also very important from 
the standpoint of safety, for, unless the case of a faulty trans- 
former is thoroughly grotmded, the operator may be fatally 
shocked by touching it. 

Reliability is a characteristic next in importance to safety. 
The transformer must be able to carry its load continuously 
without attaining temperatures that endanger insulation, and 
it must possess sufficient mechanical strength to be able to 

COPYRiaHTBO BY INTBRNATIONAL TKXTBOOK COMPANY. ALL RiaHTS RBSBRVBD 
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2 DESIGN OF TRANSFORMERS §61 

withstand any stresses imposed on it through sudden changes 
in load or even short circuit. 

Next to safety and reliability, economy of operation is 
important. The losses must be low and their relative values 
must be dependent on the character of the service ; the regulation 
must be good and the exciting current low. Some of these 
characteristics are conflicting, and, therefore, the final design 
in any case must be a compromise. 



FUNDAMENTAL EQUATION 

2. The fundamental formula, or equation, used in trans- 
former design was given in a preceding Section and in modified 
form is repeated here for convenience. 

10B£^22^5X10^ (1) 

4.44/ / 

in which ^=the total flux, or the number of lines of force; 
Ar=number of turns in winding; 
£= volts induced in winding of N turns; 
/= frequency, in cycles per second. 

If the flux, expressed in megalines (lO* lines), is represented 
by ^m, 

. ,. 22.5 E /rt\ 

^mN^ — (2) 

The two values N and E apply to the same winding; that is. 
both to the low-voltage (coarse-wire) winding or both to the 
high-voltage (fine-wire) winding. The product of flux and 
turns is a constant for any given rating of transformer, and 
can be determined at once by substituting known values of 
E and / in the formulas. No definite rules can be laid down 
for determining the best individual values of flux and turns, 
but the relative values of the total fluxes in transformers 
and the ratings as indicated in Fig. 1 represent good practice 
and will give satisfactory results. Equally good designs, how- 
ever, will often be fotmd to vary widely in the value of the 
flux employed. 
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PROPORTIONING DESIGN VALUES 

3. Tjrpes of Construction. — In selecting the type of 
construction for any partictilar design, considerable latitude 
is allowable. While no arbitrary rules can be laid down, the 
common practice is to employ the distributed-core type trans- 
former on the smaller sizes, the core type on the medium sizes, 
and the shell type on the largest sizes. The distributed-core 
type is a special patented construction. Both the core and the 
shell types have been advocated for the whole range of capacities. 

4. Flux Densities. — ^A relatively high value of flux 
density is desirable in order to reduce the cost of the trans- 
former. However, a high flux density involves high core loss, 
which means reduced efficiency and heating of the core. Also, 
high flux density requires a large magnetizing current, which is 
objectionable. Good practice rarely permits higher values 
for flux density than 80,000 to 90,000 lines per square inch of 
net cross-section, and in many cases these values must be 
somewhat reduced. At any given flux density the core losses 
are lower with low frequency than with high frequency; 25-cycle 
machines can therefore, in general, employ higher densities 
than 60-cycle imits. 

In the absence of exact data as to the particular steel employed 
and its treatment, the assumption can be made that approxi- 
mately 10 per cent, of the final core height (perpendicular to 
the planes of the sheets) will be taken up by the scale or insu- 
lating coating of the sheets. The actual cross-section of core 
therefore necessary will be obtained by adding 11 per cent, to 
the net section found necessary for the reqtiired flux, or, differ- 
ently expressed, the net section is 90 per cent, of the total section. 

5. Relation Between Losses and Efficiency. — Fig. 2 
indicates the total losses at full load for various ratings of trans- 
formers and can be used in any case where actual efficiencies 
are not six?cified. Since the curves indicate the total losses, 
the division of the loss into core and copper losses must be 
determined. 
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6 DESIGN OF TRANSFORMERS § 61 

To obtain maximum efficiency at any given load, the core and 
copper losses must be equal at that load. From the standpoint 
of efficiency alone, this is a desirable condition for power trans- 
formers, but is not usually obtained in practice when the per- 
centage exciting ciurent is to be kept at a relatively low value. 
With improved steel and frequencies of 25 cycles or less, the 
flux density cannot always be raised enough to produce theo- 
retically correct core loss and at the same time not abnormally 
increase the exciting current. In 25-cycle transformers the 
core loss will probably average 40 per cent, of the total loss. 

When considering the efficiency of lighting transformers, or 
of any class where intermittent loading is common, the total 
energy loss throughout the whole 24 hours of each day must be 
considered. The ratio of the total useful energy output to the 
total energy input per day is the all-day efficiency, which is a 
very important consideration. For example, a 50-kilovolt- 
ampere transformer with 1 kilowatt full-load losses has a full- 
load efficiency of ff X 100 = 98.04 per cent. If this transformer 
is in use at full load only 8 hours per day but is excited all day, 
its all-day efficiency will be much lower than its full-load 
efficiency, owing to the constant core loss. If the copper and 
core losses are equal, each 500 watts, the copper loss in 
8 hoiirs will be 8X500=4,000 watt-hours and the core loss 
in 24 hours will be 24X500= 12,000 watt-hours. The total loss 
per day will then be 16,000 watt-hours. The useful output in 
8 hours will be 8X50,000=400,000 watt-hours, and the input 
per day must be 400,000-1-16,000=416,000 watt-hours. The " 

all-day efficiency is then — =96.15 per cent. 

416,000 

The all-day efficiency of transformers that are continuously 

excited and intermittently loaded can be improved by making 

the core losses less than one-half the total losses. For example, 

if the core losses in the transformer previously referred to were 

333 watts and the copper losses 667 watts, the all-day losses 

would be 24X333+8X667 = 13,328 watt-hours, and the all- 

400 000 
day efficiency would be — '- — = 96.78 per cent. Increased 

413,328 

all-day efficiency can be obtained by still further reducing the 



Digitized by 



Google 







Digitized by 



Google 



8 DESIGN OF TRANSFORMERS §61 

core loss, but this is, in general, not allowable from an economical 
standpoint and also because an increase in the copper loss 
thereby reduces the overload capacity of the transformer. 

6. Total Core Loss. — Fig. 3 shows core-loss curves that 
indicate the value of the watts per pound core loss, considering 
both hysteresis and eddy-current losses, for silicon-sted cores 
at various flux densities. It is assumed that 14-mil sheets are 
used for 60 cycles and 25-mil sheets for 25 cycles. 

7. Magnetizing Current. — It is not considered good 
practice to employ a magnetizing current exceeding 15 to 20 per 
cent, of full-load current at normal voltage. On large machines 
a value of from 5 to 10 per cent, represents good practice. 
Excessive magnetizing currents result in increasing the copper 
losses of the system, particularly if the power factor of the 
connected load is less than imity, as is the case with an induc- 
tion-motor load. 

8. Magnetizing Aini>ere-Tums. — ^Fig. 4 shows the neces- 
sary magnetizing ampere-turns per inch length of the mean 
magnetic circuit for inducing various flux densities in silicon 
steel. A value of 100 to 125 ampere-turns will be satisfactory 
to assume as necessary for forcing flux at 80 to 90 kilolines per 
square inch across each joint of the core structure, if the joints 
are properly made. If the flux density is lower, the allowance 
per joint is proportionally lower. 

9. Conductors. — Certain practical limits are met with in 
choosing the size of wire to employ for the windings. When 
the currents are small, a thin flat strip is usually chosen for 
transformers of the shell t5rpe, and round wire for those of the 
core type. Conductors much larger than J inch to f inch 
wide or ^ inch to J inch thick become unwieldy, and for heavy 
currents it is therefore usual to employ several such conductors 
in parallel. In general, no part of a coil should be over 1 inch 
away from the cooling medium, and it is usual to reduce this 
limit to i inch, especially where heavy overload capacity is 
desired. 
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10. Current Density In the Conductors. — The current 
density in amperes per square inch of cross-section of the 
conductor in either winding is equal to the quotient obtained 
by dividing the amperes of current in that winding by the square 
inches of cross-section of the conductor. 

The average value of the ciu-rent densities in both windings 
in good transformer designs will vary from 800 to 1,400 for 
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self-cooled machines, and double this value for water-cooled 
designs. Constants of 1,200 and 2,400 will probably represent 
average practice on the two types. These figures should be 
somewhat reduced for thick coils or in machines subjected to 
heavy overloads, in order to avoid local heating or hot spots 
in the interior of the windings; such heat might cause deteriora- 
tion of the insulation. 

283-13 
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11. Cooling Constants. — ^The heat developed in a trans- 
former due to its losses raises the temperature of the core and 
windings above that of the cooling mediimi and the transformer 
tank. On accoimt of the different temperattu-es of the parts 
there is a continuous flow of heat to the tank, where, by con- 
vection and radiation, it is carried off into the atmosphere. 
In water-cooled transformers practically all of the heat is given 
up to the cooling water, and in machines cooled by an air blast 
the heat is given up to the cooling air. The rise in temperature 
of the core and copper above that of the surrounding cooling 
medium will depend on the loss per unit surface of active 
material. 

In designing a transformer, its temperature rise can be pre- 
determined with a fair degree of accuracy by comparing the 
calculated watts loss per square inch of surface of core, wind- 
ings, and tank exposed to the cooling meditun, or washed by it, 
with values for which the heating has been determined by 
experiment with other transformers. Considerable judgment 
is necessary in determining what these washed surfaces are. 
For example, a surface bounding an oil space of less than ^ inch 
in width can hardly be considered as effective for cooling; 
neither can a smf ace covered by a heavy pad of insulation. An 
allowance of .7 watt per square inch on the core for dissipating 
the core loss should not, in general, be exceeded, and .5 watt will 
represent good practice. With a low-frequency transformer, a 
flux density of comparatively low value may be necessary in 
order to keep the magnetizing current at a moderate value; 
therefore, the rate of energy dissipation may be below .5 watt 
per square inch. On large machines, ducts in the core may be 
fotmd necessary in order to secure added radiating surface. 

12. Fig. 5 shows heating curves that indicate the rise in 
temperature of the coils in oil-cooled transformers for values 
of loss in watts per square inch of the radiating surface of 
the coils and with various sheet-steel tank radiating con- 
stants. Data curves, or lines, for other tank constants can be 
readily drawn; for example, for a .15 tank constant, a straight 
line midway between the .12 constant and the .18 constant 
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data lines should be drawn. For cast-iron tanks, 15 per cent, 
increase in loss in watts per square inch will give the same 
temperature rise. Core radiation is approximately J watt per 
square inch. 

The values of the watts per square inch of the coil radiating 
surface are based on the resistance of the copper at 75** C. 
The curves represent average results that will be secured on this 
class of transformers. Whether or not a relatively high loss 
per imit surface of tank shall be employed depends to a large 
extent on the facilities at hand for providing the proper tank 
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Fig. 6 

radiating surface. On small machines, a plain surface will be 
foimd sufficient, but as the size increases the provision of proper 
surface becomes increasingly more difficult. 

13. The actual coil temperature rise for which a trans- 
former should be designed is dependent on several conditions, 
the most important of which is the maximum temperature that 
will be attained under regular operation. This temperatiu'e 
depends not only on the rise in temperature of the coil and core 
above the cooling medium, but also on the temperature of the 
cooling mediimi itself. With ordinary insulations, coil temper- 
atures exceeding 100° C. are not advisable for any considerable 
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period. Hot-spot temperatures may be asstimed to be at 
least 10° C. in excess of the average existing in the windings, 
thus giving about 90° C. for the actual average allowable tem- 
perature of the windings. In the absence of actual data for 
any particular case, 40° C. may be assumed for the maximum 
temperature of the surrounding air in which the machine may 
be required to operate. This asstmiption will give an allowable 
rise of 50° C. for the windings, which represents average prac- 
tice for small transformers. 

In the case of power transformers where considerable over- 
load capacity is almost a necessary feature, common practice 
is to design for a 40° C. rise on the continuous normal load 



:::::::i—::=:i::=±:i::: :::::::: :::^ 

::::::::;;Er!:::::::::::::: ::::::::::::::::::::::: 

!i"~~"iii~!miiiizir It ~r 1 



t .20 

|.15 
I 



100 200 300 400 5O0 600 700 800 900 lOOO 

Capacity in fdtovolt - Amperes 

Fig. 6 

operation. A knowledge of all the conditions surroimding the 
operation of a particular transformer will often allow variations 
from the values mentioned, but for general design temperature 
rises of from 40° or 50° C, as the case may be, are well chosen. 
The loss per luiit coil surface that may be allowed is less in 
value if the heat is obliged to pass through a large amount of 
insulation. In placing the insulation, this point should be kept 
in mind. In many cases on high-voltage windings at least 
a 10-per-cent. increase in temperature over that indicated in 
Fig. 5 must be assumed, for the reason just mentioned. 

14. Space Factor. — A very useful method of arriving 
quickly at an approximate design involves the consideration 
of ampere-turns per unit length of coil, and also of the constant 



Digitized by 



Google 



§61 



DESIGN OF TRANSFORMERS 



13 



commonly termed the space factor of the windings. By spa<^ 
factor is meant the ratio of the space filled by copper to the 
total area of the winding space within the core structure. This 
ratio varies with the kilovolt-ampere capacity and with the 
voltage. The high-voltage winding of a transformer will have 
a lower space factor than the low-voltage winding, because of 
the relatively larger space required for insulation. 

Fig. 6 shows the effect of capacity in kilovolt-amperes on 
average space factor of transformers of given voltage, and Fig. 7 
shows the effect of voltage on space factor of transformers of 
given capacity in kilovolt-amperes; both of these curves apply 
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to one particular line of core-type transformers. In order to 
determine approximately the necessary wire space area for any 
given rating of transformer, such curves can often be used to 
great advantage. 

15. Ampere-Turns per Inch. — If the allowable current 
densities and the watts per square inch of cooled surface of coil 
are selected for a given design, the ampere-turns per inch length 
of the washed surface of the coil can then be determined. 

Fig. 8 shows a section of one side of one winding of a core- 
type transformer. The total watts loss in the coil with the 
resistance value calculated for an assumed temperature of 
75° C. is foimd by the formula 

pJJilNP 
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in which P=loss in watts; 

/=mean length of a turn in feet; 
N=tke number of turns in series on the coil; 
/=the number of amperes of current in the coil; 
a = cross-sectional area of the conductor, in square 
inches. 



The constant 



9.94 



= .00000994 is the resistance in ohms 



at 75® C. of a bar of copper 1 foot long and 
1 square inch in cross-section. The watts loss 
per square inch of radiating surface of the coil 
is equal to the value of the total watts loss 
divided by the number of square inches of 
effective radiating surface. The total cylindri- 
cal area, both inside and outside of the coil 
shown in Fig. 8, is 12 /L; here / has the value 
used in formula 1, and L, expressed in inches, 
is the combined lengths of inside and outside 
surfaces of the coil parallel to its axis that are 
washed by the oil, as indicated in Fig. 8. The 
thickness, or depth, of the winding is usually 
so small that it need not be considered in the 
calculation. 

The average watts loss per square inch of radiating surface 
p 
of a coil is Pi= — , or by substituting for P the value foimd 

by formula 1, ^ ^.mNP 

' VfaL 



Fig. 8 



Formula 2 may also be written 

L I .828 
7A^ 



(3) 



In formula 3, — is the ampere-turns per inch length of the 
inside and outside washed surfaces of the coil, and - is the 
reciprocal of the current density. If the ciurent density is 
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assumed at 1,200 amperes per square inch of cross-section and 

the radiation P* at .24 watt per square inch of washed surface, 

a , 1 .INI ^10*X.24 ^.^ 

- becomes and = X =240, approxi- 

/ 1,200 L 1,200 .828 

mately; and 240 L is then the approximate total nimiber of 

ampere-ttims in the coil. 

IN 
The value of — will be increased or decreased in direct 
L 

proportion to the allowable value of P* and inversely to the 

value of the current density. Also, if the insulation between 

turns is a large proportion of the length L, as on large high- 

I N 
voltage transformers, the value — should be somewhat 

reduced. 

16. Arrangement of Windings • — ^The amoimt of leak- 
age flux, and, therefore, the reactance drop in volts of a trans- 
former, depends on the relative positions of the high- and the 
low-voltage windings. Formerly efforts were made to keep the 
percentage reactance down to as low a limit as was consistent 
with reasonable cost. In more recent practice, the allowable 
reactance has been increased in order to limit the current that 
is estabUshed when the transformer is short-circuited by faults 
on the line, thus reducing the resulting mechanical stresses so 
that the windings can withstand them. 

In order to reduce magnetic leakage to a reasonable value, 
the primary and secondary windings must be placed close 
together. The leakage flux in any gap is proportional to the 
ampere-turns in the exciting coil and inversely proportional 
to the length of the leakage path. In the core-type construc- 
tion, the length of the leakage path is relatively long, and if 
primary and secondary windings are equally distributed on the 
two legs of the core, each in one group per leg, the reactance 
will usually not be excessive. 

In the shell-type construction, in which the length of the 
leakage path is relatively low, the windings must be divided 
into several groups, the primary and secondary being sand- 
wiched together. This reduces the exciting ampere-turns at 
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each gap, thereby cutting down the leakage flux. On the other 
hand, such a subdivision of the windings materially lowers the 
space factor below that of the core type. 

One rule in particular must be observed in determining the 
arrangement of windings, namely, that imder all possible 
connections the total ampere-turns of one winding acting at 
any time must be distributed practically equally over the ampere- 
turns of the other winding opposing them at that instant. For 
instance, in a Scott-connected core-type transformer each half 
of the main winding must be distributed over each leg of. the 
core, as these halves oppose each other in so far as the teazer 
current in them is concerned. Likewise, in autotransformers, 
care is necessary in distributing all portions of the secondary 
over the primary parts of the winding. 

17. Reactance. — In general, reactance drop is due to the 
voltage induced in the primary winding by flux which does not 
link the secondary. This flux exists between the primary and 
secondary windings, and is caused by the combined action of 
the primary and secondary currents, which, taken together, 
constitute a magnetizing action, driving flux between the 
windings. The amotmt of this flux depends on the ciurent, the 
number of tiuns in the coils, and the reluctance of the path 
through which the flux passes. The reluctance of the leakage 
path is difficult to determine accurately, because the flux exists 
not only between the windings but actually passes through the 
copper itself. The reluctance depends on the length of the 
leakage path and its cross-section, and the reactance of a 
transformer can be made smaller either by making the path 
longer or by making the spacing between primary and secondary 
coils less. The reactance can also be reduced by reducing the 
ampere-turns effective across the leakage path. The ntunber 
of ampere-turns can be reduced by either decreasing the total 
number of turns in the transformer or by dividing the winding 
into a nimiber of groups, as will be shown in later examples. 

The reactance of a transformer may be obtained from the 

formula r t.^ i ... 

X=275X^-i'-^'x(^+/) 
10«/i \ 3 / 
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in which X = reactance in ohms; 

/= frequency, in cycles per second; 

/?= number of leakage paths; 

iV = nimiber of high-voltage turns effective in estab- 
lishing leakage flux across one leakage path; 

/=mean length of turn, in feet» average of primary 
and secondary windings; 

/i= length of leakage path, in inches. In core-type 
transformers this is the length of the coil; in 
shell-type transformers it is the width of the 
wire space; 

/= distance from high- to low-voltage coils or group 
of coils, in inches; 

/i= thickness of high-voltage coil or group of coils, 
in inches; 

fe= thickness of low-voltage coil or group of coils, 
in inches. 



18. ProiK>rtlons of Wire Space. — In Fig. 9 is shown the 
outline of the core of a core-type transformer. The figure also 
indicates the relation between the. width, depth, and height 
of the core and the width and 
height of the window, which is the 
open space within the core struc- 
ture reserved for the adjacent sides 
of the coils that are moimted on 
the two vertical legs of the core. 
The stated dimensions relate to a 
problem given later. 

For highest economy in mate- 
rial, the ratio of the height of the 
window to its width should be 
near tuiity, but in many cases this 
ratio is impracticable owing to 
considerations of cooling, mechan- 
ical limitations, etc. In both core- 
and shell-type transformers the usual ratios of the two window 
dimensions are between the limits 1 to 1 and 1 to 4, the latter 




Fig. 9 
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ratio being used only on transfonners of high voltage and 
large capacity. 

19. Insulation. — ^The insulation of the windings in trans- 
formers is of primary importance, because safety to life and 
reliability of operation depend on the quality and arrangement 
of the insulating material. In many cases a few mils of insu- 
lation would give satisfactory dielectric strength, but usually 
designers materially increase such allowances. This is par- 
ticularly true when considerable mechanical strength is desired, 
such as between layers of finely woimd wire. 

In the modem transformer, there is usually provided between 
turns, layers, and coils insulations that will withstand many 
times the stresses imposed by normal operation. This extra 
insulation is necessitated by the fact that line disttirbances 
resulting from switching, arcing grounds, static discharges, etc. 
often pile up the voltage across a small portion of the winding. 
For instance, while the normal difference of potential between 
turns will rarely exceed 100 volts, many of the modem power 
transformers of mediimi or high voltage will withstand at 
these points thousands of volts; in fact, often the whole line 
voltage. 

Double-cotton covering on the conductor is usually employed, 
with mica, horn fiber, and similar materials added to give the 
required dielectric strength. The double-cotton covering alone 
will suffice in many cases. Between layers that have many 
turns, such as are on lighting transformers, cloth or paper is 
usually employed. These insulation strips are cut wider than 
the actual winding layer, in order eflfectually to prevent leakage 
between the end turns of adjacent layers. For mechanical 
reasons, this extension should not be less than ^ inch at either 
end. Between coils or sections of coils pressboard barriers 
are usually provided. As the voltage increases, the barrier 
is thickened tmtil J inch to f inch is reached; additional insu- 
lation is secured by alternating such barriers with oil spaces. 
Porcelain or treated wood is usually employed to act both as an 
insulator and for the mechanical support of the coils. These 
supports engage with the retaining clamps used in drawing 
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up the core and are thereby capable of resisting the repulsing 
forces exerted by the windings under short-circuit conditions. 

20« The fact that the test voltage is almost always at 
least double the normal rated voltage influences the selection 
of all insulating materials. In many cases the insulations 
have a factor of safety of from three to five times the normal 
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voltage, in order to take care of variations in the quality of the 
material and to allow for unusual conditions. In the case of 
distributing transformers connected directly to the circuits of 
consumers the transformers are tested with 10,000 volts from 
the primary coil to the core and the secondary coil combined. 
The secondary windings are usually tested with 4,000 volts 
between the secondary coil and the core. 
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When higher testing voltages than 10,000 are required, the 
approximate test voltages for various distances of the windings 
from other parts of the transformer are as indicated in Fig. 10. 
The upper curve relates to voltages for pimcture tests and the 
lower curve relates to voltages for creepage tests. In some 
parts of the transformer a breakdown can occur only by 
puncturing the insulation ; in other parts a breakdown may occur 
by a spark creeping over the surface of the insulation. 

21. The insulation in a transformer occupies a very con- 
siderable portion of the total space available for the windings, 
therefore a transformer with a space factor as large as .4 or .5 
is a rarity. An inspection of Fig. 7 will show the great decrease 
in the space factor when the voltage is increased from 5 to 
60 kilovolts. 

Insulation adds to the cost of a transformer, not only on 
account of the cost of the insulating material, but also because 
of the increased dimensions of the transformer required to 
provide space for the windings. The factor of safety is some- 
what reduced on high-voltage transformers, chiefly to avoid 
using so much insulation with accompanying excessive cost. 



DESIGN PROBLEMS 



DESIGN OF A 6-KILOVOLT-AMPERE, SINGLE-PHASE, 
CORE-TYPE TRANSFORMER 

22. In order to indicate the application of the design 
principles just considered, several designs will be made. The 
first of these problems relates to the design of a 5-kilovolt- 
ampere, single-phase, 60-cycle, oil-cooled, core-type trans- 
former, with a primary voltage of from 1,100 to 2,200 and a 
secondary voltage of from 110 to 220. 

23. The low-voltage flux turns calculated by formula 2^ 

19 ^ W 990 

Art. 2, will be (/>^N= - =22.5 X- =82.5. The value 

/ 60 

of the flux (Pm in a 5-kilovolt-ampere, 60-cycle, core-type 
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transformer is shown by the upper curve of Fig. 1 to be approx- 
imately .5 megaline; therefore, iV = 82.5 -5- .5 =165 turns, 
approximately. 'As there will be four secondary coils, the 
number of turns per coil will be 41 and the total turns for the 

82 5 
four coils 164. The corrected total flux for 164 turns is — '— 

= .503 megaline. 

Only two secondary coils are required for ordinary two-wire 
110- or 220-volt service; but for three-wire service, in order 
that each side of the secondary may be evenly distributed over 
the primary windings, four secondary coils are required. Two 
secondary coils will be moimted on each vertical leg of the 
core, Fig. 9, one within the other. 

The primary windings have a total of 164X10= 1,640 turns. 
There will be four primary coils of 410 tiuns each, two on each 
vertical leg of the core, and these are motmted on the outside 
of the secondary coils. 

24. For lighting service, relatively low flux densities are 

usually employed ; transformers for suchservice are often subject 

to overvoltage, which materially increases the magnetizing 

current. A density of 75,000 lines (Art. 4) will therefore be 

503 000 

chosen, which will require a net cross-section of core of — 

75,000 

=6.7 square inches. The gross cross-section (Art. 4) will 

fi 7 

be -^ = 7.5 square inches, nearly. A depth of 3 J inches and a 

width of 2 inches will be selected for the core, as indicated 
in Fig. 9. 

25. On transformers of this size, a tank radiation stuface 
equivalent to .12 to .18 watt per square inch is easily provided; 
in fact, a plain surfaced tank sufficient to house properly the 
transformer will usually give more than the necessary surface. 
For 50° C. rise and a tank radiation of approximately .15 watt, 
the allowable watts per square inch of coils may be taken 
as .36. If a .15-tank constant line is drawn in Fig. 5 as directed 
in Art. 12, a value of .35 watt is indicated, but the larger 
value, .36 watt, will be selected for this problem. 
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Instead of providing a cooling duct between primary and 
secondary windings, a satisfactory temperature rise can be 
obtained on the average machine of 5-kilovolt-ampere capacity 
or under by emplo3mig fairly low current densities, particularly 
on the inner coil. Solid coils are thus obtained for each leg 
of the core, giving great mechanical strength. 

26. An average current density (Art. 10) of 900 will be 
assumed, the current density selected for the low-voltage 
winding being 700 and that for the high-voltage winding being 
1,100. The low-current density of 700 was chosen for the 
secondary winding because that winding will be covered by 
the primary winding. These values provide ample overload 
capacity. 

27. The full-load high-voltage current will be ~ 

2,200 volts 

=2.27 amperes, and the fuU-load, low-voltage current will 
be 22.7 amperes. The high-voltage ampere-turns (2.27 X 1,640) 
plus the low-voltage ampere-turns (22.7X164) gives a total of 
7,450 ampere-turns, nearly. 

28. The dimensions of a section of one side of the coil, 
Fig. 8, can now be calculated by substituting known values 

in formula 3 of Art. 16. Here J N= 7,450, -=— , and Pi 

I 900 

QA ^u 7,450 1 ^10«X.36 , , 7,450 X 900 X. 828 

= .36; then, = X , and L = 

L 900 .828 WXM 

= 15.5 inches. The oil is in contact with both the outside and 
the inside surfaces of the coil, since a duct is provided between 
the coil and the core. The value of L in this problem is, there- 
fore, twice the longer dimensiop of the coil section, and this 
dimension is 15.5 ■^ 2 = 7.75 inches. Each washed surface, 

Fig. 8, is -, or 7.75, inches in length. 

29. The cross-section of the low-voltage copper will be 

'- — ^^ — — — =.0325 square inch, approximately; and 

700 (current density) 
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2 27 

of the high-voltage copper, — — = .00206 square inch, approx- 

1 1 1»100 

unately. 

The conductors may be round or rectangular in cross-section 
and they should be wound closely in layers so as to fill the space 
economically. The secondary conductors are so large that 
rectangular conductors will be more suitable, and the shape 
should be selected so that no layers will remain only partly 
filled. As each low-voltage coil is to contain 41 turns, it will 
be well to wind 41 turns per layer. The total length of winding 
space, 7.75 inches, divided by 41 gives .189 inch for copper 
and insulation. The double-cotton insulation on the conductor 
will take up .015 inch for both sides of the conductor, leaving 
.174 inch for copper alone. It will be well to make this dimen- 
sion .170 inch, leaving the rest for clearance. The other 
dimension must then be .0325-^.170=.191 inch. The copper 
will wind better if two thinner strips are woimd together, each, 
say, .100 inch thick, making the thickness of insulated copper 
(.100+ .015) X2 = .230 inch and the cross-section of bare copper 
.170X.200 = .034 square inch. 

30. The high-voltage conductor must have a sectional area 

(^ iwoHA • u .00206X1,000,000 ^aoq • i 

of .00206 square mch, or =2,623 circular 

^ .7854 

mils. It will be well to use the next larger standard B. & S. 

wire, which is No. 15, having a sectional area of .002558 square 

inch, or 3,257 circular mils, a diameter of .057 inch bare and 

approximately .067 inch over double-cotton insulation. 

There must be two high-voltage coils on each leg and they 

will be placed end to end. The length 7.75 -^ 2 =3.875, and 

making a small allowance for coil insulation, the length of the 

winding space for each coil will be 3.625 inches. The 410 turns 

of one coil can be arranged in 8 layers of 52 turns each, except 

the top layer, which will contain only 46 turns. Between layers 

.010-inch insulation will be used, and it is assumed that this 

builds up to .012 inch when wotmd in the coil. 

31. In order to determine the dimensions of the window of 
the core structure, the outside dimensions of the primary coil 
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should be calculated. The build-up of the secondary and 

primary coils will be as follows: 

Depth Width 
Inches Inches 

Core dimensions (Fig. 9) 3.75 2.00 

Core insulation, two sides (.1X2) 20 .20 

Thickness, two secondary coils, two sides (.23 

X2X2) 92 .92 

Insulation for two secondary coils, two sides 

(.01X2X2X2) 08 .08 

Insulation between primary and secondary, two 

sides (.125X2) _^ .25 

Over-all dimensions of insulated secondary .... 5.20 3.45 

Primary conductors, eight layers, two sides 

(.067X8X2) 1.07 1.07 

Insulation for layers and outer half -lapped tape, 

twosides (.012X7X2+. 008X2X2) .20 .20 

Over-all dimensions of insulated primary 6.47 4.72 

The portion of the total width of the window that is occupied 

by conductors and insulation of both primary and secondary 

.J. 1 xi.1 rxt. -111- 4.72— 2 (the core width) 
wmdings on both legs of the core will be ^^ 

X2= 2.72 inches. 

It is probable that the coils will wind larger than calculated, 
therefore, allowing an increase of 5 per cent., the width of the 
space occupied will be 2.72+ (2.72 X. 05) =2.86 inches. If 
3.25 inches is selected for the width of the window, as shown 
in Fig. 9, the clearance between the adjacent sides of the primary 
coils on the two cores will be 3.25 — 2.86 = .39 inch, which is 
sufficient for the comparatively low voltage employed. 

The height of the window will be selected as 8J inches, which 
allows for a space of abput \ inch to the core yoke at each 
end of the secondary coils. 

32. The core will have the dimensions indicated in Fig. 9 
and its weight may be calculated as follows: The number of 
cubic inches of the core will be 2(2X12.25X3.75) +2(2X3.25 
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X 3.75) =232.5. Approximately nine-tenths of the core will 
be of steel (Art. 4) , and the net cubic inches of steel will be 232.5 
X .9 = 209.25. Allowing .275 pound per cubic inch for steel, the 
net weight of the core will be 209.25 X. 275 = 57.5 pounds. 
The flux density in the net cross-section of the core will be 

ouo,uw ^y4 5QQ ^ ^ 74.500-^l,000 = 74.5 kilolines, 
2X3.75X.9 

per square inch of area. The laminations will be punched 
from .014-inch, sheet-steel plates and the core losses can be 
read from the 60-cycle curve for 14-mil steel in Fig. 3, namely, 
1.19 watts per pound for 74.5 kilolines per square inch. The 
total core loss will be 57.5X1.19 = 68.5 watts, nearly. 

33. The mean length of the magnetic circuit of this core 
will be 2X8.25+2X3.25+2X3.1416=29.25 inches, approx- 
imately. If straight sheets are used, there will be four joints 
in the magnetic circuit. From Fig. 4, for a density of 74.5 kilo-^ 
lines per square inch, the value of the magnetizing ampere-turns 
per inch length of the mean magnetic circuit is 8.6. About 
75 ampere-turns (Art. 8) will be required per joint. The 
total magnetizing ampere-turns will be 29.25X8.6+75X4 
= 552. The primary current is 2.27 amperes (Art. 27), the 
number of turns in the primary is 1,640, and the primary 
ampere-turns at full load is 2.27X1,640=3,723. The magnet- 
izing ampere-timis are, therefore, 552-7-3,723 = .148, or 14.8 per 
cent, of the full-load excitation. If L-shaped laminations are 
employed to build up the core, the niunber of joints wiU be two 

^ 4-u ^ • * n u 29.25X8.6+75X2 
and the magnetizmg ampere-tiuns will be 

X100= 10.8 per cent, of the primary ampere-turns at full load. 

34. The mean length of the turns in a coil with rounded 
comers mounted on a rectangular core can be foimd by adding 
to the perimeter of the core the circumference of a circle with a 
diameter equal to twice the distance from the core to the center 
of the coil. The data will be taken from Art. 31, the values 
now being for one side of the core. The perimeter of the core 
will be 2 (2+3.75) = 11.5 inches. The diameter of the circle 

283-14 



Digitized by 



Google 



2C DESIGN OF TRANSFORMERS § 61 

(2 92 08\ 
■ — (.: 1-:. ')~-^ inch; and 

the circumference, .7X3.1416 = 2.2 inches. The mean length 
of the secondary turns will be — '- ^ = 1.15 feet, nearly. 

The straight portions of the primary coil will have practically 
the same dimensions as the secondary coils, that is, 11.5 inches. 
The diameter of the circle for the primary coil will be 

21— 1 — '- — +— ) =2.09 inches; and the circumference will 

V 2 4 4/ 

be 2.09X3.1416 = 6.57 inches. The mean length of the primary 

.„ , 11.5+6.57 , . . ^ 

turns will be = 1.5 feet. 

12 

The total length of the secondary copper will be 164X1.15 
= 189 feet; and of the primary copper, 1,640X1.5 = 2,460 feet. 

In order to allow for leads, cross-connections, and for a 
possible larger build than calculated, the length value just 
determined will be increased 5 per cent., making the secondary 
copper 199 feet, nearly, and the primary copper 2,580 feet, 
approximately. 

The resistance of the windings may be obtained from the 
preceding data and the instruction of Art. 15. The secondary 
conductor has a total cross-section of .034 square inch and a 
length of 199 feet. The resistance at 75° C. of a copper bar 

9 94 

1 foot long and 1 square inch in cross-section will be — — ohm; 

then the resistance at 75° C. operating temperature of the 

9 94 199 
secondary windings will be — — X — - = .058 ohm, and of the 
^ ^ W .034 

• A' -11 u 9.94^ 2,580 ,^ - 

pnmary windings will be X =10 ohms. 

*^ W .002558 

The secondary copper loss will be 22.72 X. 058 =29.9 watts, 
and the primary copper loss will be 2.27^X10=51.5 watts. 

The total copper loss will be 81.4 watts. The combined steel 
and copper loss will be 68.5+81.4 = 150 watts, and the full-load 

efficiency will be -^ — = .971, or 97.1 per cent. 
5,150 ^ 
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36. The secondary drop wiU be /, /?,= 22.7 X. 058 = 1.317 

1 317 

volts =-^ — = .6 per cent, of full-load secondary voltage. The 

22 7 
primary drop will be /p /?p =2.27X10 =22.7 volts = — ^=1.03 

2,200 

per cent, of nonnal primary voltage. The sum of the values 

of the secondary and primary drop percentages will be .6+1.03 

= 1.63 per cent. 

The formula of Art. 17 should be used to determine the 

reactance of the transformer, as measured on the primary side. 

In this equation the value of p is 2, since the windings are 

mounted on the two vertical legs of the core and there are 

two leakage paths between the primary and secondary windings. 

The value of AT is 820, which is the number of primary turns 

1.5+1.15 



on each leg of the core. The average value of / is 



2 



= 1.325 feet. The value of h is 1:5Z±:?=.635 inch. The 

2 

92+ 08 25 

value of (j is ■ — = .5 inch. The value of /is ^ — = .125 inch, 

2 • 2 

and the value of h is 7.75. The reactance will be X=275 

6ox2x^j<i^^ rm±^ ^ ^ ^g ^ ^^ 

1VX7.75 V 3 / 

The reactance drop will be /pXp = 2.27X19.1=43.4 volts 

434 
= — ^—=2 per cent., nearly, of normal primary voltage. 

The impedance drop in percentage of the primary voltage will 
be Vl.63»+2»=2.58 per cent. 

The regulation expressed as a percentage may be determined 
by the formula 

per cent, regulation = total / R per cent.+^-^ — ?£-^ri : 

^ ^ ^ 200 

2* 
Substituting values, the regulation will be 1.63H = 1.65 per 

cent. 
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36« The weight of copper in the secondary winding, using 
the value .3212 pound per cubic inch of copper, will be .034 
X 199 X 12 X. 3212 = 26 pounds, and the weight of copper in 
the primary winding will be .002668 X 2,580 X 12 X. 3212 =25.4 
pounds, a total of 51.4 pounds. 



DESIGN OF A lOO-KILOVOLT- AMPERE, SINGLE- 
PHASE, CORE^TYPE TRANSFORMER 

37. Let it be required to design a 100-kilovolt-ampere, 
26-cycle, oil-cooled, single-phase, core-type transformer for 
22,000 volts primary and either 440 or 220 volts secondary. 
The transformer is to be placed in a corrugated iron tank. The 
temperature rise, when operating continuously at. full load, 
must not exceed 40° C. 

The product of flux and low-voltage turns, from formula 2, 

Art.2,willbe<^«Ar=??:^^^^=396. A total flux of 4.1 meg- 

alines is indicated in Fig. 1 for the required capacity rating. 

396 

The trial value for the low-voltage turns will be = 96.6 turns. 

^ 4.1 

The low-voltage winding is to be designed for both 440 and 
220 volts by placing coils in series for 440 volts and in parallel 
for 220 volts. Such transformers are also often used for three- 
wire operation, and in such cases each half of the winding must 
be woimd over both legs of the core.. This necessitates four 
coils, therefore, 96 turns, which is a multiple of four, will be 

selected. The corrected flux will be =4.13 megalines. 

22000 

The nimiber of high-voltage turns will be 96 X — '- 

=4,800 turns. ^^ 

38. The core is made up of silicon sheet steel .025 inch 
thick. If a flux density of 85,000 lines per square inch is 
assumed, the effective cross-section of the core will be 

-- — - — = 48.6 square inches. The space factor of the steel 
85.000 ^ 
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core being .9, the trial value of the gross cross-section will be 
= 54 square inches. 

A double crudfonn cross-section will be selected for the two 
vertical legs of the core, as indicated in Fig. 11. This con- 
struction allows of oil ducts between the core | 1 

and the low-voltage coils, and also allows a 
large amount of iron to be included within a 
circle with a limited number of widths of 
lamination. 

When the distance between opposite par- 
allel faces of the cross is a inches and the pic n 
other dimensions are the fractional parts of this distance indi- 
cated in Fig. 11, the area of the cross-section can be calculated 

\4/ 4 16 



T!lf 



The trial value of the cross-section of the core is 54 square 

ches; then, 54 = — , or a=8.15; ?=4.08; -=2.04 inches. 
16 2 4 

Choosing the nearest even dimensions in sixteenths of an inch 




Fig. 12 



for - and -, in order that the pimching dimensions may be 

2 4 

convenient, values of 4.125 and 2.0625 inches will be selected. 
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The radius of the core, or the distance be, Fig. 11, will be 

JZ-V+Z-V; or, substituting values, V4.125«+2.0625* 

= 4.61 inches. These dimensions are indicated in Fig. 12, 
which also shows the relative positions of the cores, the secon- 
dary coils, and the primary coils. 

With the final dimensions, the core area will be '■ — 

16 

= 55 square inches, and the corrected flux density will be 

4,130,000 Q^^,., ,. . ^ , 

=83.5 kilolmes, approxunately. 

55X.9 

39. The normal full-load current in the primary windings 
will be M0^ = 4.545 amperes; and in the secondary windings, 

100,000 ^^^ 

=227.27 amperes. 

440 

If a current density of 1,200 amperes per square inch is 

assumed, the trial value of the cross-section of the primary 

4 545 
copper will be - — = .00379 square inch; and for the secondary 

227 27 

copper, — — = . 1894 square inch. 
1,200 ^ 

40. The length of the washed surface of the low- 
voltage winding may be calculated by substituting values 
in formula 3 of Art. 15. The current density assumed is 

1,200 amperes per square inch; then, - = . The value 

assumed for Pi will be .24 watt; the value oi I N will 
be 4.545X4.800. Then. 4-545X4.800^ J_iy><j4^^ 

L 1,200 .828 

. 4.545X4.800X1.200+.828 ^,. , 

L = = 90.3 inches. 

10«X.24 

Some variation from the length L is allowable, and, for 
reasons that will appear later, 88 inches will be chosen. As 



Digitized by 



Google 



§ 61 DESIGN OF TRANSFORMERS 31 

88 inches is the combined length of the inner and outer sur- 
faces, the length of coils parallel to the cores must be 44 inches, 
and the height of the coil on each vertical core will be 22 inches. 
The low-voltage winding will be placed next the core and will 
be surrounded by the high-voltage winding, with oil ducts next 
the core and between the two windings. 

41. The four secondary, or low-voltage, coils mtist contain 
24 turns each. The two coils on each leg will be wound the 
full distance, 22 inches, one coil over the other. The copper 
for the conductors of the size required should be in the form 
of a rectangular strip and if the twenty-four turns are wound 
in one layer, the width of insulated strip may be 22-5-24 
= .92 inch. It will be better to use two strips wound sid^ 
by side in multiple rather than one so wide. Double-cotton 
insulation on each strip will require .015 inch and for both 
strips .030 inch, leaving .92— .030 = .890 inch of copper, or 
.890 -^ 2 =.445 inch width of each strip bare and .46Q inch 
width of each insulated strip. 

The trial cross-section of secondary copper was taken as 

.1894 square inch, therefore the total thickness of the copper 

1894 

conductor will be = .213 inch, approximately. The 

.890 "^^ 

maximum thickness of copper that may be used to advantage 
for this purpose being .150 inch, two strands, one wound on 
the other, will be used, each strand .105 inch thick. 

The low-voltage copper conductor will, therefore, consist of 
four strands woimd two wide and two high, each .445 X . 105 inch 
in width and thickness. The final copper cross-section will 
be 4 X .445 X . 105 = . 187 square inch. The insulated dimensions 
of each turn will be: width, 2(.445+.015) = .92b inch; thick- 
ness, 2(.105+.015) = .240 inch. 

42. The insulation between the two secondary coils on 
each leg of the core will be built up to a thickness of .080. inch 
and will consist of paper and varnished cloth on which the outer 
coil is woimd. The insulation will be made considerably safer 
than that required for the normal voltage, because mechanical 
strength is required to withstand the crushing effect of the 
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outer coil. After both secondary coils are wound they will be 
bound securely together by tape. 

43. The cross-section required for the primary copper being 
ctwnparatively small, a round wire will be used, as for small 
conductors it is more conven ient and c heaper than rectangular 

. The diameter will be / '^^^^^^ = V!004825 = .0695 inch. 
yj 3.1416 

The wire selected, therefore, will be .070 inch in diameter and 

.00385 square inch in cross-sectional area. 

Double-cotton insulation on the wire will be used, except that 
at each end of the primary winding a niunber of turns equal 
to 5 per cent, of the total turns will be insulated with four wraps 
of cotton thread. The turns having extra insulation are formed ' 
into separate coils. The diameter outside of the insulation of 
the main conductor is .080 inch and of the end conductor 
.087 inch. 

In order to reduce the voltage between layers, the high- 
voltage winding must be arranged in a number of sections. 
For best economy, the maximum voltage between layers of 
this type of coil should not exceed 450, and therefore the 
maximum voltage per layer is 225. The voltage between sec- 
tions should not be greater than 4,000, necessitating the use of 
six sections on each leg. As the volts per turn will be 22,000 
-^4,800=4.6, the number of turns per layer cannot exceed 
225-5-4.6 = 49. The number of turns on each leg is 2,400, 
and if 5 per cent, of the total number of turns, 4,800 X. 05 
=240 ttuns, are made of the heavily insulated wire, formed 
into a section and placed at the top of each core, where the 
electric stress is greatest, there will remain 2,400—240 = 2,160 
turns for the remaining five sections, or 2,160-5-5 = 432 turns 
in each section. 

The coils will be arranged as indicated in Fig. 13. Insula- 
tion is provided between each of the primary sections and at 
the outer edge of the upper and lower sections, making 7 insu- 
lation spaces. The insulating barrier will be .2 inch, but an 
allowance of .4 inch should be made on accotmt of the layer 
insulation being folded around the edges of the layers. The 
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Low-W>tfage 



total space allowance should be 2.8 inches. The space for 
insulated wire will be 22—2.8 = 19.2 inches. For preliminary 
calculations, the end section may be assimied to occupy approx- 

(240 \ 
) of this space, or 1.92 inches, and the 
2,400/ 

other five sections the remainder, 17.28 inches, or 3.46 inches 

each. 

The ntimber of turns per layer in the end sections would 
then be 1.924- .087 = 22; bt;t in order to wind the 240 turns 
economically, 24 turns per layer and 10 layers will be better, 
necessitating 24 X .087= 2.09 
inches space for insulated 
copper. 

The ten layers in the end 
section will wind to approx- 
imately the same depth as 
eleven layers of the .080- 
inch insulated wire in the 
remaining sections, and bet- 
ter results are obtained by 
having all the sections 
nearly the same depth. 
The insulation between 
layers will add .030 inch to 
their thickness and a collar 
at the ends of each section 
will project .25 inch above 
the section. The end section will build up to (.087+. 030) X 10 
+.26=1.42 inches and the other sections to (.080+.030)Xll 
+ .25 = 1.46 inches. Each of the five main sections will con- 
tain ten layers of forty-three turns each and one layer of 
two turns. The insulated copper in each of the first ten 
layers will fill a space of .080X43 = 3.44 inches and the space 
required for the insulated copper in the five sections will be 
17.2 inches. 
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Fig. 13 



44. The height and width of the window of the core struc- 
ture may now be determined as follows: 
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Height of Wikdow Inches 

Creepage distance from windings to yoke at each end 

for a test voltage of 44,000 (creepage curve, Fig. 10), 

1.5 inches, two ends 3.00 

Length of layer of heavily insulated wire in end section 

(24X.087) 2.09 

Total length of lower layers in other five sections (43 

X.080) 5 17.20 

Insulation between sections, 5 barriers, .4 inch each 2.00 

Total "2^29 

Width of Window Inches 

Raditis of core (Fig. 12) 4.610 

Oil duct between core and low-voltage winding 500 

Paper cylinder on which inner low-voltage coil is wotind .040 

Thickness of inner, low-voltage, coil 240 

Mean radius of low-voltage winding 5.390 

Layer insulation 080 

Thickness of outer, low-voltage, coil 240 

Distance from low-voltage to high-voltage winding 
puncture curve, Fig. 10, 44,000 volts, approximate 

allowance .94 inch 940 

High-voltage winding 1.460 

Distance between high-voltage winding and center of 
winding space (one-half allowable space between 
high-voltage coils on the two legs of the core 

^) _:470 

8.580 
2 

Distance between centers of core legs 17.160 

Less width of core leg (Fig. 12) 8.250 

Width of window ^ 8.910 

i- f * i^A^ 1.l^ .187X96+.00385X4,800 .^^ 

Copper space factor (Art. 14), =.168 

8.91X24.29 

45. The yokes connecting the core ends should have the 
same cross-sectional area as the cores, 55 square inches. The 
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width of the yoke will be the same as that of the core, 8.25 inches, 
and the thickness will be 564-8.25 = 6.67 inches. 

The mean length of the magnetic path through the cores and 
yokes can be found by adding to the periphery of the window 
opening the circumference of a circle of which the diameter 
is 6.67 inches (the thickness of the yoke), and also a length 
equal to four times the difference between one-half of the 
thickness of the core and one-half of the thickness of the yoke. 
The latter correction is made to bring the curve tangent to 
the center lines of the cores and yokes. The length of the path 
will be 

2(24.29+8.91) + (6.67X3.1416)+4(— — ^— ) =90.51 inches 

The weight of steel will be taken as .275 pound per cubic 
inch, and .9 of the gross cubic inches as the net cubic inches of 
steel. The total weight of the core will be .275 X .9 X 90.51 X55 
= 1,230 poimds, approximately. From thp upper curve of 
Fig. 3, a core loss of very nearly .8 watt per poimd is indicated 
for a density of 83.5 kilolines. The total core loss will be 1,230 
X. 8 =984 watts. 
'The per cent, of core loss based on full-load output will be 

= .984 per cent. 

100,000 

» 

46. The magnetizing ampere-turns per inch length of the 

mean magnetic circuit (Fig. 4), at a density of 83.5 kilolines 
per square inch, will be 12.4. If 400 ampere-turns are allowed 
for the four joints in the core, the total magnetizing ampere- 
turns will be 12.4X90.51+400=1,522. The per cent, of 
magnetizing ampere-turns based on the ampere-turns of the 
primary at full load will be 

1.522 

= 7 per cent. 

4,800X4.545 

47. The mean radius of the low-voltage turns is 5.39 inches 

(Art. 44), and the length of this winding, in feet, will be 

2X5.39X3.1416X96 ^_ ^ , . 

=270, atpproxmiately. 

\2t 
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The mean radius of the high-voltage coil will be- 5.39+08 

1 4fi 
+.24+ .94+^^-^ = 7.38 inches. The total length of the high- 

u A ^ 11 u 2X7.38X3.1416X4.800 ,q-^. ^ 

voltage conductor will be = 18,550 feet, 

^ 12 

approximately. 

The resistance of the low-voltage conductor at 75° C. will be 

— =.01435 ohm; of the high-voltage conductor, 

10«X.187 

9.94X18.550 ^^^ gg^^^ 

10«X. 00385 

The fractional voltage drop in the windings due to their 

.„ , .01435X227.27 ^.., .., 

resistance will be = .00741, or .741 per cent, in 

440 

the low-voltage winding, and — '- '- — = .00989, or .989 per 

cent, in the high-voltage winding. The per cent, drop in 

both windings will be .741+.989 = 1.73, and the combined 

copper and steel loss in the transformer will be 1.73 +.984 

=2.714 per cent. The efficiency of the transformer will there- 

100 

fore be = .974, or 97.4 per cent. 

100+2.714 

The loss in watts in each of the windings is eqjial to the 

product of the total output in kilovolt-amperes (100,000) and 

the fractional voltage drop expressed decimally, or 741 and 989, 

respectively, the total loss being 1,730 watts, which is also the 

product of .0173 and 100,000. The mathematical reason for 

this is as follows : EpX%Xlp= watts loss in primary, where % 

W 
is the fractional voltage drop expressed decimally. £pX% X — 

Ep 

= watts loss in primary. Canceling £p, %XW= watts lost in 

primary. 

48, The reactance of this transformer, measured on the 
primary side, may be determined by the use of the formula of 

Art. 17. In this equation, the valtle of p is 2, and of A/' is 
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= 2,400 turns, as there are two leakage paths and two legs of 
the core on which the windings are motinted. The average 
value of / for both the primary and secondary windings is 

2[(7.38X3.1416)+(5.39X3.14 16)l_gg^^^^ 
2X12 ' ^ 

The value of h is 1.46— .25 (collar allowance) = 1.21 inches. 
The value of d is .24+. 24+. 08 = .56 inch. 
The values of /, /, and h are given directly in the data of the 
problem. The reactance will be 

10»X22 V 3 / 

= 184 ohms, nearly 

* The reactance drop will be 4.545X184=836.28 volts 
= ^X 100 = 3.8 per cent, of primary voltage. 

The impedance drop in percentage of the primary voltage 

will be Vr732+3.8«=4.18 per cent. 

The regulation found by the formula of Art. 35 will be 1.73 

_i_3.8' to 

H =1.8 per cent. 

200 *^ 

49. The cylindrical radiating surface of the low-voltage 
winding will be 2X5.39 (mean radius) X 3. 1416X22X4 
=2,980 square inches; of the high-voltage winding, 2X7.38 
(mean radius) X 3. 1416X22X4 =4,081 square inches. 

The watts loss per square inch of surface of the low-voltage 

741 
winding will be = .25 watt; of the high-voltage winding, 

=.24 watt. 

4,081 

A tank constant. Pig. 5, of approximately .14 watt per square 

inch of effective tank surface would be suitable if the watts 

per square inch of coil surf ace were .24 and the temperature 

rise 40® C. The total eflfective tank surface required will be 

_J Pl^rE 1 = 12,360 square inches, approximately. 
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The radiating surface on the legs of the core will be 2[2X4.61 

(radius) X 3. 14 16X24.29 (height of window)] = 1,400 square 

inches, approximately; on the four side faces of the yoke, 

2[6.67 (width) X 2 (17.16 + 8.25) (length of one yoke)] 

=680 square inches, approximately. The total core radiating 

surface will be 1,400+680 = 2,080 square inches. The watts 

984 
core loss per square inch will be — — =.473 watt per square 
^ 2,080 

inch. Only a portion of the whole surface of the yoke is con- 
sidered in calculating the radiating surface, because part of 
the yoke is so covered that the oil does not wash the surface. 



DESIGN OF A 1,000-KILOVOLT-AMPERE, THREE- 
PHASE, SHELL-TYPE TRANSFORMER 

50. Let it be required to design a 1,000-kilovolt-ampere, 
60-cycle, oil-and-water-cooled, three-phase, shell-type trans- 



m~T 




-L 



Fig. 14 



former; the primary coils to be designed for 38,100 volts when 
delta-connected and for 66,000 volts when star-connected, the 
secondary coils to be delta-connected for 2,300 volts. 
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The core and windings will be submerged in oil in a tank made 
of boiler plate, the oil being cooled by running water in pipes. 
The temperature rise of the windings is not to exceed 40° C. 
above the temperature of the cooling water when the transformer 
is operating continuously tmder full load. 

61. The core will be made in the form shown in Pig. 14, 
that is, in two parts separated by a vertical oil duct, each part 
having three rectangular win- 
dows through which pass the 
sides of thin pancake coils, as 
indicated in Fig. 14 and also in 
Fig. 15, which is a vertical sec- 
tion made on the line a 6, 
Fig. 14. The planes of the coils 
will be vertical, and when the 
core and coils are submerged in 
oil the oil can rise freely through 
the oil ducts as it becomes 
heated. In Fig. 16 is shown a 
plan of two of the six windows 
indicating the relative positions 
of the sides of the high-voltage 




3ir 

Fig. 16 

and low-voltage coils that make up a transformer for one phase. 



52. The design problem of the coils is worked for one set 
of the three groups of windings on the complete transformer. 

1,000 



The output per phase will be 



=334 kilovolt-amperes. 



By formula 2, Art. 2, 0^ N= ^-^^ ^'^^ = 862.5 for the 

60 

low-voltage winding. By the 60-cycle shell-type curve, Fig. 1, 

the flux ^m in a 334-kilovolt-ampere transformer should be 

approximately 10.3 megalines, making the number of low- 

862 5 
voltage turns per phase in this case ^ =83.7, approximately. 

Any convenient number of turns near this value can be used 
and the flux changed accordingly so as to keep the product 0m N 
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=862.5. As will appear later, 80 ttims will be convenient for 

the secondary, and the number of primary turns will then be 80 

38 100 

X — '■ =1,325.2. It will be better to use the nearest even 

2,300 

nimiber, 1,326, for the primary turns. 

The primary current will be — =8.77 amperes; the 

00,100 

secondary current will be '- — = 145.22 amperes. 
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Fig. 16 



53. Each winding must be divided into a ntunber of coils, 
and this number is influenced by the shape of the window, by 
the value of reactance desired, by the allowable volts per coil, 
and by some other considerations. The number of coils in 
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each winding can be determined only by assuming different 
values and calculating the results; several assumptions are often 
necessary before the best results can be obtained. Good 
practice for transformers of this size is to make the window 
length about twice its width. In very large transformers the 
ratio of the length to the width of the window is sometimes 
much larger than 2 to 1. 

For the present problem, eight high-voltage and four low- 
voltage coils per phase will be found to give good results when 
arranged as indicated in Pig. 16. The number of turns in each 
low-voltage coil will be 80^-4=20, and the average number 
in each high-voltage coil will be 1,326-^8= 1651. 

64, In water-cooled transformers it is desirable to operate 
at current densities as high as 2,500 amperes per square inch 
of conductor cross-section, and at moderate voltages, that is, 
under 50,000 volts, with surface radiation of .41 watt per square 
inch. In coils for high voltage, that is, over 50,000 volts, the 
watts per square inch of coil surface should be less than this, on 
accoimt of the fact that a large portion of the surface is taken 
up by insulation, and a constant of .34 watt is a good average 
value. 

55. The length of the cooled surface of the high-voltage 
winding when pancake coils are employed is measured along 
the height of the built-up flat surface. The oil is in contact 
with both faces a. Fig. 16, making the length of the cooled 
surface per coil 2 a. The sum of the lengths of the cooled 
surfaces of all the eight high-voltage coils is the length of the 
total cooled surface of the primary winding. 

The length of the cooled surface of the high-voltage windings 

can be found by substituting 8.77X1,326 for IN, for -, 

^,oUu 1 

and .34 for Pi in formula 3, Art. 15; 8^7 X 1,326 _ 1 



L 2,500 

10*X 34 
X '- — = 71 inches, approximately. The length of the sur- 

.OaO 

face on each of the eight high-voltage coils will therefore be 

283—15 
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approximately 9 inches, and on each side of a coil, as a, Fig. 16, 
will be 4.5 inches. 

56. For 2,500 amperes per square inch the primary copper 
must have a sectional area of 8.77 4- 2,500 =.0035 square inch. 
If the average ntmiber of turns per coil, 165| (Art. 53), were 
wound in the available space, 4.5 inches, the thickness of the 
insvilated copper could not be over 4.5 -r 165| = .027 inch, which 
is too thin to be economical, as the insulation would fill more 
than half of this thickness. Each coil will therefore be made 
in two sections side by side, separated only by an insulating 
collar. 

The end coils of each winding must have heavier insulation, 
ajid, consequently, fewer turns than the other coils, the ntmiber 
in each case being enough to build up, when insulated, to about 
the same height. The insulation on the copper in the six 
inner coils will be double cotton, which will add .015 inch to 
each dimension. Between turns will be paper and mica 
.015 inch thick. The copper in the end coils will have four 
wrappings of cotton, adding .030 inch to each dimension, and 
the paper and mica between turns will be .030 inch thick. 

For economical use of the space, the copper strip in the six 
inner coils should be thicker than the cotton insulation covering 
it. A convenient available thickness is .020 inch, which, when 
insulated with .015 inch of cotton and wound with a strip of 
.015-inch paper and mica, builds up to .020+.015+.015 
= .050 inch per turn. The space available is approximately 
4.5 inches, allowing 90 turns per section, 180 ttuns per coil, 
and 1,080 turns in six coils. This leaves 1,326-1,080 
= 246 ttmis for the two end coils, or 123 turns per coil, and 
each coil will have two sections of 61 and 62 turns, respectively. 
Each end turn builds up to .020 +.030 +.030 = .080 inch, and 
62 turns would build up to 4.96 inches, which is higher than the 
six inner coils. By winding 92 turns per section, 184 turns 
per coil, in the inner coils and 111 turns in 55- and 56-ttuTi 
sections in each end coil, the turns in the inner coils will build 
up to 92 X. 050 = 4.6 inches, and in the end coils to 56X.C 
= 4.48 inches, which are near enough alike. 
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The width of the copper strip for .0036 square inch sectional 

area must be .0035 -^ .020= .176 inch, but the nearest available 

standard width is .170 inch and this will answer; the final size 

for the primary conductor will then be .0034 square inch. 

8 77 

The current density will then be '■ =2,580 amperes per 

.020X.170 

square inch. 

The inside tiuns of the two sections of a coil wiU be connected 
together and the dielectric strength of the insulating press- 
board collar separating the sections must allow a good factor 
of safety over the maximum voltage between the outer turns 
of the two sections; .125-inch board wiU do this. The collar 
wiU be made to extend 1 inch beyond the outer turns so as to 
prevent creepage aroimd it, and the space at each side of this 
projection will be filled with wood 1 inch thick. The whole 
coil assembly will then be wrapped with tape, adding .062 inch 
to the build of the coil. 

According to the creepage curve, Fig. 10, appr6ximately 

2.25 inches for a 76.2-kilovolt test /2X-^-^, Art. 20) should 

V 1,000 / 

be allowed between the copper of the coil and the steel of the 
core. The greatest danger of breakdown is from the coils to 
the core, and here the 1-inch layer of wood affords some 
protection. An allowance of 1.625 inches between the fin- 
ished coil and the core, both outside and inside the coil, will 
be safe. 

The width of window space required for primary winding, all 
dimensions being in inches and previously stated, will be as 
follows: 

Width of Window Inches 

92 turns insulated copper with separators 4.600 

Wood filling 1.000 

Coil tape .062 

Height of insvilated coil 5.662 

Space allowance, 1.625 inch to steel outside and also 

inside of coil 3.250 

Total 8.912 
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The portion of the length of the window space required for 

the high-voltage coils, neglecting allowances for spacing, will 

be as follows: 

Length of Window Inches 

Two strips insvilated copper, each .185 inch 370 

Insulating collar between sections 126 

Coil tape .062 

Width of each coil 557 

Width of eight coils 4.456 

Note. — ^The .030 inch additional width of insulation in the end coils 
can be disregarded here. 

57. The width of the wire space being 8.912 inches, the 
maximum allowable build of the low-voltage coil can theo- 
retically be obtained by subtracting from 8.912 inches the very 
smaU insulation space required for a 2,300X2 =4,600-volt 
test. There are, however, several reasons why it is advisable 
to employ coils of lesser build and to have a greater space 
allowance between core and coil than the indicated theoretical 
value. If the low-voltage coils have a greater build than the 
high-voltage coils, eddy currents in the copper of the high- 
voltage coils are increased. Mechanical considerations require 
more space allowance. Oil ducts must be provided between 
coil and core to cool the core. There is danger of high voltages 
and high frequencies being induced in low-voltage coils, and 
also of high voltage at normal frequency being electrostatically 
transferred to the low-voltage coils. 

58. If 1.25 inches are allowed between the core and the 
secondary coil, both outside and inside, the build of the coil 
will occupy a space of 8.912—2X1.25=6.412 inches, and each 
of the twenty turns in the coil will have a space allowance of 
6.412 -5- 20 =.3206 inch for copper and insvilation. A thick 
strip is hard to wind and is subject to eddy currents; three 
strands in multiple woimd on each other will be better, the 
two outer strands double cotton covered to prevent eddy 
currents between strands. The cotton covering takes up a 
space of .030 inch. Paper and mica insulation to the thickness 
of .040 inch will be used between turns of the three-part con- 
ductor (not between the strands). This layer insulation must 
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be able to withstand the crushing effect due to the process of 

winding the coil. 

The total insulation space per turn will be .030 +.040 

= .070 inch. Subtracting this value from .3206 gives .2506 inch 

2506 

available for copper, or = .0835 inch for copper per strand. 

<5 

The thickness of copper selected will be .080 inch. 

59. Assuming 71 inches as the length of cooled surface of 

low-voltage coils, which was the value taken for the high- 

71 
voltage coils, Art. 55, the length per coil will be — = 17.75 inches, 

4 

which corresponds to a coil height of 8.88 inches. The space 

available will be only 6.412 inches, which indicates that the 

length of the cooling surface of the low-voltage coils must be 

less than that required for the coil constants originally assumed. 

The total length of the cooled surface may be increased by 

increasing the number of low-voltage coils from four to six, but 

this is objectionable on accotmt of the increased expense. The 

length of cooled surface that will be required will be reduced 

by decreasing the current density in the copper by using a 

conductor of larger cross-section. The watts per square inch 

of coil radiating surface corresponding to a coil build of 6.412 

inches and a current density of -=2,500 amperes per square 

a 

inch. Art. 54, will be (formula 2, Art. 15), 

10» L a 10« 8X6.412 
To reduce this value to the more suitable one of .4 watt 
per square inch, the current density would be reduced to 
.4X2,500 



.469 



=2,130 amperes per square inch, which corresponds 



14522 

to a cross-section of copper of '- — = .0682 square inch, and 

2,130 

(\flQO 

the width of the copper becomes — = .284 inch. A copper 

3X.080 "^ 

strip .280 inch wide and .080 inch thick will be selected. The 
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cross-section of the conductor will be .280X.080X3«.0672 
square inch and the corresponding current density will be 

145.22 ^.^ . , 

= 2, 160 amperes per square inch. 

.0672 

Inches of Space Required for Secondary Cobl Build in Direction 
OF Width of Window 

Inches 

Thickness of three copper strips (3X.080) 240 

Double cotton covering on two strands 030 

Paper and mica insulation between turns 040 

Height of each insulated turn 310 

Height of twenty turns (.310X20) 6.200 

Coil taping 062 

Height of complete coil 6.262 

Space allowance to steel outside of coil 1.325 

Space allowance to steel inside of coil 1.325 

Height of wire space 8.912 

Inches of Space Required for Secondary Coil Build in Direction 
OF Length of Window 

Inches 

Width of copper strip 280 

Double cotton covering (two sides of a strip) 015 

Width of strip with double cotton covering 295 

Coil taping 062 

Width of coil .357 

Total width of space occupied by fotir secondary coils 

(.357X4) 1.428 

60. The length of the window in the core may now be 
determined. 

Length of Window Inches 

Space occupied by secondary coils 1.428 

Space occupied by primary coils 4.456 

Total space between groups of primary coils and 
adjacent secondary coils, puncture curve, Fig. 10, 
132,000 volts, approximate allowance 1.75 inches 
(1.75X4) 7.000 
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Total space for six oil ducts between primary coils 

(.376X6) 2.250 

Space for one oil duct between two central secondary 
coils 375 

Total space between end secondary coils and core 

(1.325X2) 2.650 

Total 18.159 

The window dimensions will be, therefore, 18i inches by 
9 inches, as indicated in Fig. 14. The ratio of the window 
dimensions will be approximately as 2 to 1, which is satis- 
factory. 

61. The product of the flux in megalines, and the low- 
voltage turns, Art. 52, was calculated as 862.5 and the number 

of turns selected was 80, therefore the total flux will be '— 

80 

= 10.78 megalines, or 10,780,000 lines. Assuming a flux 

density of 80,000 lines per square inch, the cross-section of 

10 780 000 

steel will be - ~ '- — = 134.8 square inches, which corresponds 

80,000 

134 8 
to a gross cross-section of ^ = 150 sqtiare inches, approx- 

imately. 

In Fig. 14 the steel portion of the two-part core within the 

coils has a total width of c inches; each part being -inches. 

The depth of the core is d inches. In good design, the ratio d 
to c varies from 2.5 to 1, to 3 to 1. The cross-sectional area c d 
should equal 150 square inches, approximately. The rec- 
tangular punchings selected will be 3.5 inches in width, there- 
fore -=3.5 inches and c = 7. The depth d selected will be 

21 inches; and cd = 147 square inches, gross, or 147 X. 9 

10 780 000 

= 132.3 square inches, net. The flux density will be — '- '- 

132.3 

=81,500 lines, or 81.5 kilolines per square inch. The core loss 

at this density (Fig. 3) will be 1.44 watts per potmd. 
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62. To biiild the core, the rectangular steel strips are 
arranged as indicated in Fig. 14. An oil duct i inch wide will 
be provided between the halves of the core within the center 
space of the coils. In assembling these laminations, each layer 
must be laid on the one preceding in such a manner that the 
joints do not come in the same place. This interleaving of 
the ends of the laminations strengthens the core and reduces 
the reluctance of the magnetic circuit. 

63. The net contents of the whole core for the three sets 
of windings can be calculated from the dimensions indicated 
in Fig. 14 and the factor .9; thus: .9X21 X (68.75X3.5X4 
+9X3.5X8) = 22,954 cubic inches. At .27% poimd per cubic 
inch, the core will weigh 22,954 X. 275 = 6,310 potmds, approx- 
imately. The total core loss will be 0,31OX 1.44=9,090 watts, 
which is .91 per cent, of the 1,000,000-watt rating of the 
transformer. 

64. To find the mean length of the turns in a coil, the dimen- 
sions of the rectangular opening inside the coil, Fig. 15, and the 
build of the coil must be known. The core inside the coil is 
21 inches by 7i inches (including the i-inch oil duct); the 
wooden wedges are 3 inches by 7i inches; the clearance between 
the inner core and the inside of the primary and the secondary 
coils is approximately 1.625 inches and 1.325 inches, respec- 
tively. The opening inside the primary coil is, therefore, 
21+6 = 27 inches high, and 7.5+2X1.626 = 10.75 inches wide; 
in the secondary coil these dimensions are 27 inches high 
and 7.5+2X1.325=10.15 inches wide. The build of the 
insulated primary turns is 4.6 inches, and of the insulated 
secondary turns is 6.2 inches. The mean length of turns in 
a primary coil is 2(27 + 10.75 + 4.6 t) = 104.4 inches; in a 
secondary coil 2(27 + 10.15+6.2 x) = 113.3 inches. 

104.4X1,326 



The length of the high-voltage conductor will be - 
feet per phase; and 
- = 755 feet per phase. 



12 
= 11,536 feet per phase; and of the low-voltage conductor, 
113.3X80 



12 
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66. The resistance of the high-voltage c»nductor will be 
o oan/11 c;q^ 

=33.73 ohms per phase; of the low-voltage con- 



10«X.0034 

ductor, — = .112 ohm per phase. 

10*X.0672 

The resistance drop in per cent, of normal voltage for the 

high-voltage conductor will be — '- '■ — X 100 =.776 per 

uo,lUU 

cent.; for the low-voltage conductor, '■ — XlOO 

^ 2,300 

= .707 per cent. The total resistance drop in percentage, also 

the per cent, copper loss, will be .776+.707 = 1.483 per cent. 

The total copper and steel loss, expressed in percentage, will 

be 1.483+.91 = 2.393 per cent., and the efficiency of the trans- 

100 

former will be ^^ XlOO =97.6. 

100+2.393 

^ r 4. nu 1.326X.0034+80X.0672 ^ 

The copper space factor will be = .06. 

18.25X9 

66. The reactance of the primary circuit can be calculated 

by the formula of Art. 17, in which the letters will have values 

as follows: /=60 cycles; ^=4, there being four 1.75-inch 

spaces between primary and secondary coils of each phase; 

iV= approximately one-fourth of the total nvunber of primary 

turns, or 332, this number lying adjacent to each secondary 

coil; /= '- ^=9.1 feet; /i=9 inches, the width of the 

2X12 

wire space. Fig. 14; /i= width of two primary coils and the 

oil duct between them, or .557X2+.375 = 1.489 inches, 

h = .357 inch ; and < = 1.75 inches. 

X=275X'^><'^^'^><^-^ (^•'^^+•''-^+1.75) =174 ohms 
10^X9 V 3 / 

The reactance drop, in percentage of primary voltage, will be 

174X8.77^,^ . 

X 100 = 4 per cent. 

38,100 



The impedance drop, in percentage, will be \IASS!^+^^ 
= 4.27 per cent. 
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4 27* 

The regulation, in percentage (Art. 35), will be 1.483H — - — 

= 1.574 per cent. 

67. The transformer wiU be placed in a rectangular boiler- 
plate tank made to fit the core, Fig. 14, with allowance for copper 
clearance. The distance between the core and the side of the 
tank will be 4 inches. The ends of the tank will be curved and 
will extend 15 inches beyond the ends of the core. 

The dimensions of the tank will be: width, 32|+8 
=40i mches; length, 68f+30 = 98f inches. The height of 
the tank will be 10 feet, which allows space for the core, the 
windings, the connection board, and the cooling coils. The 
effective cooling surface of the tank will be 29,000 square inches, 
approximately, and this will be capable of dissipating heat at 
the rate of .25 watt X 29,000 square inches = 7,250 watts. Sub- 
tracting this value from the total number of watts transformed 
into heat in the transformer, 1, 000,000 X. 02393 ==23,930 watts, 
gives 23,930-7,250 = 16,700 watts, approximately, to be dis- 
sipated by the cooling coils. A wrought-iron cooling coil 
with an inside diameter of IJ inches will be used. This coil 
can absorb heat at the rate of 1 watt per square inch of inside 
siuface; therefore, 16,700 sqtiare inches of cooling surface will 
be provided. The total length of the cboling coil will be 

16,700 ^^, ^ 

= 295 feet. 

1.5X3.1416X12 

With a permissible rise in temperature of the cooling water 
of 10° C, 1 gallon of water will absorb heat dissipated at the 
rate of 2,640 watts per minute. The total rate of flow of water 

1 A 7f40 

will be — '- — = 6.3 gallons per minute. 
2,640 
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DESIGN OF ALTERNATING- 
CURRENT MACHINES 

(PART 1) 



GENERAL FEATURES OF STATIONARY 
ARMATURES 



WINDING DISTRIBUTION AND PITCH 



WINDING DISTRIBUTION 

1. A thorough understanding of the design of direct- 
current machines is an aid in learning to design alternating- 
current machines, the magnetic circuits and many of the 
mechanical details of both classes of machines being calculated 
in much the same way. Differences in design of machines of 
both classes are due to the experience and taste of different 
designers and the duty required of the machines. In general, 
the design that gives the best restdts at the lowest cost is the 
best. 

2. Concentrated Winding. — When an alternating mag- 
netic flux is made to vary through a number of turns T 
connected in series, at the rate of / cycles per second, the 
effective electromotive force generated is 

4.44 Tf 



£ = - 



10« 
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This general formula assumes that the generated electro- 
motive force follows a sine wave and that all turns are active 
at the same instant; that is, they are all cut simultaneously by 




Single 'Pha— Winding 
1 Slot p9r Fol% 

Fig. 1 

the flux. For example, Fig. 1 shows a portion of a single-phase 
armature winding with all the turns of each coil concentrated 
in one slot per pole. These slots are 180 electrical degrees 
apart, so that all the tiuns of each coil are active at the same 
instant. In this case the armature is assumed to be stationary 
and the poles NS U) move counter-clockwise. When the 
centers of the poles are adjacent to sides of coils as shown, the 
direction of generated electromotive force is upwards, that is, 
toward the reader, in conductors U adjacent to N poles and 
downwards in conductors D adjacent toS poles. The armature 
coils are connected in series and the total electromotive force 
generated in them is as given by the foregoing formula. 




Single-Phase Winding 



9 Slots per Pole 
Pig. 2 



3. Slngle-Pliase Distributed Winding. — If the winding 
is subdivided or distributed, the electromotive forces in all 
ttims of a given coil do not reach their maximum value at the 
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same instant, and, for a given ntimber of turns, the electro- 
motive force is less than is obtained with a concentrated winding. 
Fig. 2 shows part of a single-phase winding with two slots 
per pole, the centers of the slots being 60 electrical degrees, or 
one-third pole pitch, apart. The electromotive forces induced 
in the conductors of the two coils tmder a given pole will there- 
fore differ in phase by 60®. If alternate coils were connected 
in series so as to form two sets of coils and if each coil contains 
one-half as many turns as a coil of Fig. 1, then 

in which £i= £2= electromotive force induced in each of the 
two sets of coils, Fig. 2; 
r= number of turns in both sets of coils, which 
is the same as the nimiber of turns in the 
winding shown in Fig. 1. 

If all the turns showfi in Fig. 2 are connected in series, the 
total electromotive force E will be the resultant found by 



w - 4.44 A^T f ^ 1 



-^ % 1 ^^ 

Pic. 3 



combining the electromotive forces of each set, as shown in 
Fig. 3, where a represents the electromotive force £2 in one 
set and fc= Ei in the other, the two differing in phase by an 
angle of 60°. 

The resultant of the two forces is c, which represents the 
total electromotive force £. The value of this resultant in 
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terms of the component a can be found by drawing the line o/ 
perpendicular to c; then, 

0/=^ c = a cos 30°= ( ^"^^ ^^ X-Ws 30° 

V 10» 2/ 

\ 10» 2/ 



108 



X.866 



If the winding were not distributed, the total electromotive 
force wotdd be Od^^Oa+ad, ad being made equal to Ofc. 
The resultant Oc=Oe] hence, the reduction in voltage by 
distributing the winding ised=l — .866 = .134, or 13.4 per cent. 




{'^ 4.44*Tf M j.. 4.44*Tf 



■^d 



Fig. 4 

If the winding were subdivided into three slots per pole, and 
the total ntmiber of turns kept the same as before, the resultant 
electromotive force would be found as shown in Fig. 4. The 
three electromotive forces £i, E2 and £3 differ 60° from one 

4.44 Tf. 



another in phase, and each equals 



10« 



-Xi The vector 



representing the resultant electromotive force d can be fotmd 
by drawing Ce perpendicular ^to 6, thus bisecting Ob. 

0^=/lii^Z/x-^ cos60°andO^=O6+2Oe. Therefore, 
\ 108 3^ 

4.44 <P Tf. 



^^4.44 U I (4M0TJ n^^ eoo = l:M^^ix.667 

108 3 V 108 3/ 108 
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In this case the reduction caused by distributing the winding 
is 33.3 per cent. (100-66.7). 

4, Polyphase Distributed Windings. — In polyphase 
windings, the distribution of the coils in two or more slots 
per phase always reduces the electromotive force for a given 
number of turns, but since the distance between slots is not 
large, the reduction in voltage is not very great. For example, 
in a three-phase winding with two slots per pole per phase 
there will be six slots per pole and the slots will be 30 electrical 
degrees apart. The electromotive forces Ei and £2 of each 
group of coils will therefore be combined as shown in Fig. 5, 




and if there are T turns per phase, the resultant, obtained as 
explained in connection with Fig. 3, will be 

^^^ /4.44</>r/ IX ^ ,,o^^Ai0Tf 
\ 10» 2/ W 

The arrangement of the winding in two slots per pole per 
phase has therefore reduced the voltage, for a given total number 
of turns, only 3.4 per cent. (100-96.6). 

5. In order to take account of the winding distribution 
in any given case, the electromotive force given by the formula 
of Art. 2 for a single slot or concentrated winding must be 
mtiltiplied by a nimiber, called a winding-distribution factor, 
that corrects for the distribution For any winding, the general 
formula is therefore written as follows: 
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"" 10» 

in which £p== effective volts generated per phase; 
CP=flux per pole; 
rp = turns in series per phase; 
/= frequency', in cycles per second; 
ky, = winding-distribution factor. 
Table I gives the value of kro for a few of the more common 
types of winding. These values are obtained, for any given 
winding, as previously explained. When there is only one slot 
per pole per phase, the value of ku, is unity. 

TABLE I 
VALUES OP WINDING-DISTRIBUTION PACTOB *«, 



Style of Winding 



Value of kw 



Single-phase, with two slots per pole (slots 
60° apart) 

Single-phase, with three slots per pole (slots 
60° apart) 

Two-phase, two slots per pole per phase 

Two-phase, three slots per pole per phase 

Two-phase, four slots per pole per phase 

Three-phase, two slots per pole per phase 

Three-phase, three slots per pole per phase 

Three-phase, four slots per pole per phase 

Three-phase, five slots per pole per phase 



.866 

.667 
.924 
.911 
.906 
.966 
.960 
.958 
.957 



6. Distributing a winding in more than four slots per pole 
per phase causes very little reduction in the value of k^,. If a 
single-phase winding is made by taking two-phase armature 
ptmchings and using only half the slots, that is, using the slots 
of only one phase, the value of k^ is the same as given for two- 
phase windings. In the same way, if the slots for only one 
phase of a three-phase armature are used and two-thirds of 
the slots left empty, the value of k^, is the same as for three- 
phase windings. If, however, two-thirds of the slots for a 
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three-phase winding are filled to form a single-phase winding 
of Tp turns, the corresponding three-phase winding wotild 
have i Tp turns per phases and would generate electromotive 
forces differing in phase by 120°. The electromotive force of 
each phase of the three-phase winding would be 

10« 

and the resultant of these two phases connected in series 
would be 

Therefore, the single-phase voltage 

l(fi 2 10« 

Hence, if a single-phase winding is made by using two- 
thirds of the slots of a three-phase winding, the values of fe„ 
as given for the three-phase winding must be multiplied by 

^^=.866. For example, the single-phase winding shown in 
2 

Fig. 2 is in two slots per pole, the slots being 60*^ apart. If 
this armature had another slot per pole, it would answer for 
a three-phase winding with one slot per pole per phase, so that 
the arrangement of coils is the same as if a three-phase armature 
were utilized and one-third of the slots left empty. The three- 
phase armature would have one slot per pole per phase, and kw 
would be 1. A single-phase winding using two-thirds of these 
slots would therefore have a winding factor of .866, or the 
same as shown in Fig. 3. Single-phase machines are frequently 
made by using existing two- or three-phase armature punchings, 
and the foregoing remarks regarding the winding factor in 
such cases are important. 

WINDING PITCH 

7. In short-pitch, or fractional-pitch, windings, the electro- 
motive forces induced in the two sides of a coil are not in 
phase, since the sides of the coil are less than a pole pitch, or 

283^-16 
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180 electrical degrees, apart. The resultant electromotive force 
is therefore less for a short-pitch winding than for a similar full- 
pitch winding, and the electromotive force given by the general 
formula of Art. 2 must be multiplied by a winding-pitch factor 
to obtain the voltage generated in fractional-pitch windings. 
This pitch factor is the cosine of one-half the difference between 
the full pitch and the winding pitch and may be represented 
by ko\ that is, feo=cos ^(180® minus the coil pitch). 

The general formula for determining the electromotive force 
per phase, taking into consideration both distribution and 

pitch, is, therefore, 
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Pig. 6 
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Values of ko are given 

by the curve, Fig. 6. Coil 

pitch is usually stated 

in per cent, of full pitch, 

and the curve is plotted 

accordingly. A coil has 

full pitch when its sides 

span the fuU nimiber of 

slots per pole ; thus, if there 

are eight slots per pole, fuU 

slot pitch is from slot 1 to slot 9. Coils lying in slots 1 and 8 

therefore include seven slots and have J, or 87^ per cent., of 

full pitch. 

Example. — A 60-cycle 3-phase alternator has nine slots per pole and 
a flux per pole of 2,000,000 lines. The coil pitch is from slot 1 to slot 8. 
If there are 180 turns per phase, what is the electromotive force generated 
per phase? 

Solution. — There are nine slots per pole, or three slots per pole per 
phase; hence, k^, — .^ (Table I). In a full-pitch coil the slot pitch is 
from slot 1 to slot 10 and spans nine slots, whereas in this winding the slot 
pitch is from 1 to 8 and spans seven slots. Hence, the per cent, slot pitch 
is J = 77.8 per cent., and from Fig. 6, *o = .94. tf = 2,000,000; rp = 180, 
and /= 60. Therefore, 



£p = 



4.44X2,000, 000X180X60 
10» 



X . 96 X. 94 =865 volts 
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WINDING CONNECTIONS 

8. The common methods of interconnecting the phases 
of a three-phase winding are shown in Fig. 7; (a) (6), and (c) 




Fic.7 



are Y connections, and ((/), (e), and (/) are A connections. 
Connections (a) and (d) are most commonly used, but cases 
sometimes arise where it is necessary to use the others, 
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partictilarly with low-voltage machines having large current 
output. In (a), the coils of each phase are connected in series 
and the three phases are connected to form a single-circuit 

Y winding; (d) is a single-circuit A winding. As a general 
rule, when the conditions permit its use, the Y method of 
connection is preferable to the A method. For a given electro- 
motive force between line terminals Ti, T2, Ts, the Y-connected 
armature reqtiires fewer turns per phase than the A-connected 
armature; hence, there is less slot space occupied by insulation. 
Again, with the A connection, the phases form a closed circuit 
within the machine, and if the electromotive forces are unbal- 
anced, a local current may circulate in the armature, thus 
causing imdue heating of the conductors. 

9. The method of connection to be used in any given case 
is decided largely by the voltage and the current capacity 
required. Generally there is little difficulty in using the single- 
circuit Y connection for fairly high-voltage armatures; but an 
alternator may have so many poles and slots that the voltage 
will be too high when all the conductors of a phase are connected 
in series, even with only one conductor per slot. In such a 
case, the A connection. Fig. 7 (d), or the two-circuit Y connec- 
tion, view (6), should be used in preference to the single-circuit 

Y connection. 

In the two-circuit Y connection, the coils of each phase are 
divided into two groups, each consisting of an equal number of 
coils connected in series, and the two groups are connected in 
parallel, thus halving the effective number of turns per phase but 
doubling, the current-carrying capacity. In a similar manner, 
the coils can be connected in three parallel groups, as in (c), 
forming a three-circuit Y winding, provided the number of 
coils per phase is divisible by 3. The corresponding two- 
circuit and three-circuit A connections are shown in (e) and (/). 
Oijly those coils in which the electromotive forces are in phase 
can be connected in parallel on an armattire; that is, the con- 
nected coils must occupy corresponding slots, and corresponding 
terminals must be connected together. Three-circuit windings 
are seldom required, but the two-circuit connections are often 
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very useftil, especially where an existing frame with a fixed 
number of slots must be wound for a voltage considerably 
lower than that for which the machine was originally designed. 



ARMATURE REACTION 

10. Armature reaction in an alternator may distort the 
direction of magnetic flux and weaken the field so as to cause 
a drop in voltage and hence affect the regulation or maintenance 
of voltage with change of load. In order to estimate the regu- 
lation, it is necessary to know the demagnetizing effect that 
the armature exerts on the field. 

Let AT, S, Fig. 8, represent two poles of a revolving field 
and c, c' two groups* of conductors forming a coil in the armature 
slots. With no current in the armature and with the fields 
excited, the magnetic field in the air gap will be nearly uniform 
over the pole faces, as indicated in (a) by the lines with arrow- 
heads. The flux then passes from a north pole AT into the 
armature and from the armature into a south pole 5. In (6), 
the fields are unexcited, but electricity flows through the 
armature from some outside source, the direction of the cur- 
rent being downwards from the reader through conductors c 
and upwards through conductors c\ These armature currents 
set up magnetic lines of force, as indicated by the circular 
dotted lines. 

11. With the fields excited as in (a) and rotated so as to 
set up current in c, d in the same direction, as in (6), the fields 
shown separately in (a) and (fc) will be superimposed, with 
the result that the flux is made more dense at the left-hand side 
of the poles and thinned out at the right-hand side, as shown 
in (c), because the directions of the two fluxes agree at the left- 
hand sides of the poles and are opposed to each other at the 
right-hand sides. In (c), assimiing that the alternating current 
is in phase with the induced electromotive force, the current in 
the conductors is at the maximum value the instant the poles 
are in the position shown, because the conductors are then 
opposite the pole centers. Under these conditions the armature 
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reaction simply distorts the direction of the flux, but does not 
produce any appreciable weakening of it unless, as is not usual, 
the crowding of the lines causes such a high degree of saturation 
in the teeth as to choke back some of the lines. 

K, however, owing to self-induction, the current in the 
armature lags behind the induced electromotive force, the mag- 
netic effect of the armatiu^ currents tends to weaken the field. 
In (d), is indicated the extreme case where the armature current 
lags 90° behind the electromotive force; the current in con- 
ductors c, c' does not reach its maximimi until pole N has 
passed around to a position midway between the two con- 
ductors, as shown. The induced electromotive force in cr, c' at 
this instant is zero, but, on accoimt of the 90° lag, the armature 
current tends to form poles N\ 5' that are sqtiarely opposed to 
those on the field, and the armature thus exerts a powerful 
demagnetizing action, which, if not offset by a corresponding 
increase in the field excitation, will cause a decided weakening 
of the field and a drop in voltage. 

On the other hand, if the armattu-e current could be made to 
lead the electromotive force it would strengthen the magnetic 
field, but such a condition rarely occurs in practice. The 
maximum strengthening would occur with the current leading 
the electromotive force by 90°, in which case the direction of 
the flux set up by the armature current would agree with that 
set up by the field current. 

12. The total armature ampere- turns per i)ole on an 

armature for a polyphase alternator can be calculated by means 
of the formula 

/ rp=.707m Tppip 

in which / rp = armattu-e ampere-timis per pole: 
m = number of phases; 
rpp = turns per pole per phase; 
Jp = current in armature turns. 

13. The demagrnetlzlns: armature ampere- turns per 
pole can be determined approximately by multiplying the total 
armattu^ ampere-turns per pole by the sine of the angle by 
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which the current lags behind the electromotive force. When 
this angle is 0, there is no demagnetizing action. At zero 
power factor, the angle of lag is 90^, its sine is 1, and all the 
armature ampere-turns oppose those of the field. This method 
is useful for making preliminary calculations but is not exact, 
as the demagnetizing effect of the armature current depends 
also on the distribution of the winding, on the winding pitch, 
and on the ratio of the pole arc, or circumferential width of pole 
face, to the pole pitch, or circumferential distance between pole 
centers. The following formula can be used to obtain more 
exact values after the style of winding and the shape of the 
poles have been determined: 

D I Tp — .9 m Tpp Ip ku, feo fep sin a 

in which Z? J Tp = demagnetizing ampere-turns per pole ; 

a = angle of lag of the- current ; 

, - - -. , . pole arc 

A?p=a factor depending on the ratio -^ . 

pole pitch 

The other letters in the formula have the meanings previously 
given. Values of ky, are given in Table I, and of ko in Fig. 6. 
Values of kp for different ratios of pole arc to pole pitch are 
as follows: 

When ratio is .5 .6 .7 .8 

kpis .9 .855 .81 .75 

Example 1. — A three-phase twelve-pole alternator, when fully loaded, 
delivers 50 amperes per line. The armatvire is Y-connected and has 
108 slots, each containing 20 conductors, (a) How many ampere-tums 
per pole are supplied by the armature at full load? (b) If the angle of lag 
between the current and the induced electromotive force is approximately 
30**, how many ampere-tums on the armature are opposed to the field? 

108 X 20 
Solution. — (a) There are = 180 conductors per pole, or 60 per 

pole per phase. Then, Tpp = 60 -r 2 = 30; /p = 50; and m = 3. Hence, by 
the formula of Art. 12, 

/rp = . 707X3X30X50 = 3,182, nearly. Ans. 

(b) The angle of lag a = 30° and sin a = .5; then, the approximate 
nimiber of demagnetizing ampere-tums per pole on the armature is 3,182 
X.5 = 1,591. Ans. 
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Example 2. — In the machine referred to in example 1, assume that it 

pole arc 
has been decided to make the ratio — - — :— - ■= .6, and the coil pitch from 

pole pitch 

slot 1 to slot 8. Find by the more exact method the ntiraber of demagnet- 
izing armature ampere-turns per pole. 

Solution. — The number of slots per pole is 108-5-12 = 9, and the number 
per pole per phase is 9-i-3 = 3. For a three-phase machine with three 
slots per pole per phase, ifeto = .96 (Table I). The coil pitch is J, or 77.8 per 
cent, of full pitch, and by Fig. 6, ko-.M; ifep = .855. The other quantities 
in the formula of this article have the values previously given; hence, 

D I rp=.9X3X30X50X.96X.94X.855X.5 = l,562. Ans. 
NOTB. — In this case the exact value, 1.562, is only 29 less than the approximate value. 

14. In turbo-alternators with cylindrical rotors, the ratio 
of pole arc to pole pitch is 1, and if the winding is concentrated, 
as on a salient-pole machine, kp may be taken as .6, making 

D I Tp=,54iin Tpp Ip k^kosina (1) 

If the field winding is distributed as will be explained later, 
this value must be multiplied by the ratio of the maximimi 
number of field ampere-turns to the average number. This 
ratio may be taken as 1.5; hence, for a cylindrical rotor with a 
distributed winding 

D I rp=.81 m Tpp Ip Kko^a (2) 



ARMATURE SELF-INDUCTION 

15. All alternator armatures have self-induction, the 
amount in each case depending on the design of the armature. 
The self-induction of an alternator armattire can be measured 
easily after the armature is completed, but to calculate it in 
advance is difficult. Self-induction increases the impedance of 
an armature, thus increasing the voltage drop, and also causes 
the armature current to lag, thus increasing the demagnetizing 
effect, or reaction. 

In general, armatures wotuid with a few heavy coils embedded 
in large slots have a high self-induction, because the armature 
current is able to set up a large number of lines of force around 
the coils. Machines with this style of armature winding 
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usually give an electromotive-force curve that is more or less 
peaked and irregular. Such windings are easily applied to the 
armature and necessitate few crossings of the coils where they 
project at the ends. They are therefore used largely for high- 
voltage machines, because they admit of high insulation, and 
the percentage of slot space occupied by insulation is less than 
in a machine having a large number of coils. 

16. The inductance of the slot portions of an armature 
coil is usually larger than the inductance of the end connections, 
unless the slot portions are short and the end connections 
imusually long. The self-induction of an armature can some- 
times be reduced by increasing the number of slots and using 





Pole 
(b) 



Pic. 9 



fewer conductors in each slot, thereby reducing the inductance 
of the slot portions. 

Fig. 9 (a) shows a cross-section of a slot containing a group 
of conductors forming one side of a coil of twenty-eight turns. 
Current in the coil sets up around it magnetic flux, the value 
of which depends on the strength of the current and on the 
reluctance of the path indicated by the dotted lines around 
the sides of the coil. The self-induced electromotive force in 
the slot portion of the coil depends on this flux and on the 
square of the number of turns per coil or conductors per slot. 

The inductance can, therefore, be decreased by splitting the 
coil into two or more sections and placing them in separate 
slots, thus reducing the ntimber of conductors per slot. For 
example, an armatiu*e with ten twenty-eight-tum coils, each 
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having an inductance of .01 henry, will have a total inductance 
of lOX .01 = .1 henry. However, if the winding is split up into 
twenty coils of fourteen turns each, the shape and general 
arrangement of the coils being kept the same, the reluctance of 
the local magnetic paths the same, and the total number of 
tiuTis the same, each coil will have only half as many turns 
per coil or half as many conductors per slot. Hence, the 
inductance of each coil will be one-fourth of what it was before, 
or iX. 01 = .0025 henry, and the total inductance will be .0025 
X20= .05 henry, or one-half that in the former case. 

17. In the example just given, it was assumed that the 
reluctance of the path around the coil is the same for the heavy 
coils as for the light one. This, however, is not the case in 
practice, and the reduction of inductance by subdividing the 
winding is not as great as the example indicates. In Fig. 9 (a), 
the greater part of the reluctance occurs at the air gaps around 
the openings of the slots, as between a and 6, and with a wide, 
shallow slot, the reluctance between the sides is considerably 
larger than with a deep, narrow one. When the coils are 
subdivided, it is necessary to use rather deep, narrow slots, as 
shown in (6), and the reluctance between a and b is much less 
than with the wider slot. The result is that the decrease in 
the number of conductors per slot may be largely offset by the 
decreased reluctance. Therefore, splitting up the winding 
reduces the total inductance somewhat less than in direct 
proportion to the reduction in the ntimber of turns per coil, 
but is advisable for machines in which low armature inductance 
and close regulation are desirable. Another important reason 
for distributing the windings is that the wave shape is thereby 
made more nearly a smooth sine wave than can be obtained 
with a concentrated winding. 

18. The inductance of the end connections of the coils is 
reduced by the use of short-pitch coils, because the lengths 
of these parts are thereby reduced. The flux aroimd the free 
coil ends is reduced in proportion to the length of the coil 
ends, and these, in turn, decrease in proportion to the decrease 
in percentage of the coil pitch. 
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19. Short-circuit Current. — If an alternator is run at 
normal speed with its armature terminals short-drcuited, the 
field excitation necessary to establish full-load current in the 
armattu^ wiU be only a small part of that required for normal 
voltage. Under such conditions, the electromotive force 
induced in the winding divided by the short-circuit current 
will give the synclironous Impedance, that is, the apparent 
impedance of the armatiu^. The current in the armature, 
when short-drcuited in this way, lags greatly behind the 
induced electromotive force; the power factor is practically zero, 
and the- armature ampere-turns are directly opposed to those 
on the field. The ampere-tiu-ns on the field must overcome 

the armature de- 
magnetizing • ampere- 
turns and also set up 
enough flux to induce 
an electromotive force 
suffident to establish 
ftdl-load current in 
the armature against 
its resistance and self- 
induction. Since the 
field required to do 
this is very small, the 
iron parts are unsatu- 
rated; and, within the current limit at which it is safe to operate 
the machine without overheating, the graph is a straight line 
showing the relation between short-circuit current and fidd 
ampere-turns, as shown at a a. Fig. 10. This line is known as 
the short-circuit line, or the short-circuit current char- 
acteristic. 

20. A knowledge of the short-drcuit line is useful in calcu- 
lating the regulation. In most cases, this line can be drawn 
with a fair degree of accuracy by calculating one point according 
to the formula 

IfTf 




Field ampere-turns per Pole 

Fig. 10 



j,= 



kcfft Tp 
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in which /p = short-circuit annature current per phase; 
// r/=ampere-ttims per pole on the field; 
m=number of phases; 
rpp= turns per pole per phase on the armature: 
ifec = a factor depending on the t)rpe of machine =.75 
to .9 for ordinary two- and three-phase revolv- 
ing-field alternators. This factor is readily 
determined by tests for any class of machines, 
after which it can be used in calculating others 
of the same dass. 

Example. — ^A three-phase alternator has sixteen poles and ninety-six 
slots, with six conductors per slot. What short-circuit current will be 
established in the armature when the excitation per pole is 800 ampere- 
turns? 

Solution. — ^There are six slots per pole and 6X6=36 conductors, or 
18 turns, per pole, and 7Vp=6; // r/=800; w=3; and ke can be taken 
as .9; then, according to the formula, 

800 
Ip = -- — - — - = 49.4 amperes, approximately. Ans. 
.yXwXo 



VOLTAGE REGULATION 



REGULATION DIAGRAMS 

21. Non-Inductlve Load. — ^The regulation of an alter- 
nator is usually expressed in per cent, increase of terminal 
voltage as the current is decreased from full-load value to 
zero, full-load voltage being taken as the base. Fig. 11 serves 
to explain the effect of self-induction on the terminal voltage 
when the load is non-inductive, as is the case when the current 
is used in incandescent lamps. Let b represent the terminal 
voltage £, and a the current / in phase with it. The voltage 
drop in the armature, due to resistance, is / /?„= cr, which is 
also in phase with the current and electromotive force. The 
vector Od represents the electromotive force required to 
overcome the self-induction of the armature. This vector is 
drawn 90** ahead of the ciurent vector 1 because the electro- 
motive force of self-induction is always 90** bejiind the current. 
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The resultant oi Oc and Od is e, which represents the 
electromotive force required to overcome the impedance of 
the armature. Vector Ei representing the induced electro- 
motive force is the resultant of vectors b and e. Though 
the load is non-inductive and the current is in phase with the 
terminal electromotive force, the self-induction of the armature 
causes the current to lag behind the induced electromotive 
force £i by the angle a, and consequently the armature current 
exerts a demagnetizing effect on the field. 

22. The induced electromotive force in an armature coil 
is proportional to the rate of change in the nxunber of lines of 

K 
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force passing through the coil, and not to the total magnetism 
linked by the coil. For example, in Fig. 8 (a), the effective 
number of lines of force passing through the coil c c' at the 
instant represented is zero, because an equal number is passing 
in the opposite direction, but sis the poles move on the rate of 
change in the number of lines is at its greatest; hence, the 
electromotive force induced in the coil at this instant is maxi- 
mum. At the position shown in (d), a maximum number of 
lines is passing through the coil, but the rate of change in tliis 
ntmiber is least; hence, the electromotive force is minimtun. 
In short, when the resultant field flux through the coil is least, 
the induced electromotive force is greatest; and when the 
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resultant flux is greatest, the induced electromotive force is 
least — that is, the field flux is 90^ ahead of the induced electro- 
motive force, or in the direction O g, Fig. 11. 

The field ampere-turns may be assumed proportional to 
the flux and hence can be laid off along g to any convenient 
scale. Let h represent the field ampere-turns necessary to 
induce electromotive force Ei when the armature current is 
zero; then, when current is established, the total ampere-tums 
required on the field are O h plus the nimiber required to offset 
the demagnetizing effect of this current. The ampere-tums on 
the armature will be in phase with the armature current, and 




IX 






can be represented to scale by fe in phase with b. The 
ampere-turns required to overcome the armature reaction will 
be k\ equal and opposite to Ok. The total ampere-tums 
required on the field to induce the electromotive force Ei and 
to overcome the armature reaction * is represented by vec- 
tor 0/, found by completing the parallelogram Ohlk' and 
drawing its diagonal. The component of the armattire reaction 
parallel with the field is h h\ found by drawing / h' perpendic- 
ular to Og;i /t=0*' = armature ampere-turns, and it can be 
shown that angle A'/ /t = a. The demagnetizing component of 
the armature ampere-tums is therefore 

h h' = l h sin a = armattire ampere-tums X sin a 
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23* The excitation Oh alone is not suflScient to obtain 
an induced electromotive force £i with current in the armature, 
but if the field ampere-turns are increased to OV^Ol, the 
added excitation will be more than sufficient to overcome the 
demagnetizing component h h\ 

If the excitation is adjusted to give E volts at the machine 
terminals when it is loaded and the load is then thrown oflf, the 
voltage at the terminals will at once rise to that corresponding 
to an excitation O /, with the armature on open circuit. 



i^,..-v^4< 




Fig. 12 is the same as Fig. 11 except that a nimiber of the 
lines have been omitted and triangles used instead of parallel- 
ograms in order to simplify the figure. The armature-drop 
triangle Oec^ Fig. 11, has been transferred to position 6/c, 
Fig. 12, but the lengths of the various lines in the two figures are 
the same. 

24. Inductive Load. — In Fig. 13, the diagram is* for an 
inductive load with a power factor of .8. The ciurent and the 
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terminal voltage have the same values as before but the current 
now lags 36** 50' (cos 36** 50' = .8, approx.) behind the terminal 
voltage. Vector Oa is therefore drawn 36° 50' behind vec- 
tor Ob. The resistance drop is always in phase with the 
current; therefore, b c must be drawn parallel with the current 
vector Oa, while cf, representing the electromotive force to 
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Pic. 14 

overcome the drop due to the inductance of the armature, 
is at right angles to the current and hence to be. The tri- 
angle bfc is therefqfe swung around to the position shown, 
and the total induced electromotive force £i is represented in 
value and in phase relation by vector Of, Vector Of is 
equal to Of, Fig. 12; that is, reducing the power factor from 1 
to .8 necessitates increasing the induced electromotive force by 

283-17 
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an amotint represented by/'/, Fig- 13, in order to maintain the 
same terminal voltage E. The excitation at no load is repre- 
sented by vector Oh perpendicular to O/, and the armature 
ampere-turns by vector h I parallel to the current vector a, 
because the armature ampere-turns are in phase with the 
current. The demagnetizing component, represented by h h', 
is much larger than with the non-inductive load, and the field 
excitation vector is therefore increased to OV—Ol\ if the 
load is thrown oflf, the voltage at the terminals rises to that 
corresponding to an excitation O I with the armature on open 
circuit. 

25. Fig. 14 is a diagram showing the regulation of an alter- 
nator when carrying an inductive load with a power factor of 
.259; that is, the angle of lag is 75°. Vector Of represents the 
induced electromotive force Ei, and Of is equal to Of, Fig. 13, 
so that the decrease in power factor from .8 to .259 has necessi- 
tated an increase in Ei only by the amoimt/'/. Fig. 14, for the 
same terminal voltage E. The decrease from power factor 1 to 
power factor .8 made the difference /'/ in Fig. 13. When the 
power factor becomes low, say below .25, a further reduction 
makes very little difference in the induced electromotive force 
required to maintain a given terminal voltage. Moreover, with 
a very low power factor, the armature ampere-ttams become so 
nearly in direct opposition to the field ampere-turns that the 
excitation must be increased by very nearly the full number 
of armature ampere-turns; that is, vector /t/t' is very nearly 
equal to A /, and O /t' to 1. Likewise, the induced electro- 
motive force El is so nearly in phase with the terminal voltage E 
that vector Of can be drawn in position 0/" with small error, 
6/" being equal to bf. Because of these facts the most con- 
venient load for which to estimate the regulation is that haviiag 
a very low power factor, or approximately a zero power factor. 
After the regulation for this load has Ijeen determined, the 
approximate regulation for loads of other power factors may be 
estimated, as will be explained. 
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WAVE FORM OF ELECTROMOTIVE FORCE AND FLUX 
DISTRIBUTION 

26. A sine-wave form of the electromotive-force curve has 
been asstimed in all the preceding calculations. In order to 
obtain an electromotive force of such form the rate of cutting 
lines of force by each armature conductor must vary according 
to a sine curve, and this may be brought about by making the 
flux most dense at the pole centers, and decreasing the density 
toward the pole tips In other words, the flux distribution 
must approach a sine-wave form. Such distribution can be 
obtained by chamfering the pole faces, that is, by shaping them 
so that the length of the air gap is least at the pole center, 
increasing gradually toward either edge. 

27. In order to obtain a smooth form of voltage curve, the 
stator slots must be closed. Open stator slots cause the lines 
of force to enter and leave the armature in tufts, but the influ- 
ence of these tufts can be minimized by making the number of 
stator slots such that the number of teeth opposite a pole is 
always the same whether the pole center is opposite a tooth or 
a slot. With such proportions the pole is said to have uniform 
reluctance. 

28. Fig. 15 shows three flux distribution curves plotted 
from test data on an alternator to show the influence of shaping 
the pole faces. Curve a was taken when the machine was first 
tested* with the pole faces concentric with the armature bore. 
The machine was noisy, and the pole tips were trimmel off to 
some extent, resulting in improved flux distribution, as shown 
by curve 6, and reduced noise. The poles were then chamfered, 
giving the flux distribution shown in curve c and eliminating 
all noise. 

29. If an armature winding is concentrated in one slot 
per pole per phase, its voltage wave will have the same shape as 
the flux distribution curve. The curves in Fig. 16 show voltage 
waves of a stator winding with one slot per pole per phase; 
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a shows the voltage and the flux distribution at no load; b with 
a non-inductive load, and c with an inductive load. 

Curve a deviates conisiderably from a sine curve and shows 
that the pole face is not properly chamfered; b and c show the 
distortion of the voltage wave shape, due to armature reaction. 
Such distortion always occtu^ with load when the winding is 
concentrated in one slot per pole per phase. 

30. If the armature winding is distributed in several slotsi 
per pole per phase, the voltage curve will approach a sine 
wave irrespective of the flux distribution curve. This is clearly 
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shown by the curves in Fig. 17, which were taken with an 
armature winding arranged in three slots per pole per phase, 
all other conditions being the same as when obtaining the curves 
in Fig. 16. With a distributed winding the voltage wave is 
thus shown to approach a sine curve under all load conditions. 

31. The winding pitch also influences the voltage wave 
shape, a short-pitch winding giving more nearly a sine wave 
form than does a full-pitch winding. A sine-shaped voltage 
wave is desirable, because .with it an alternator operates better 
and more efficiently and the insulation of the stator coils is 
subjected to lower maximum stress. A sine-shaped flux dis- 
tribution insures low core loss and noiseless operation. 
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SATURATION CURVES 



NO-LOAD CURVES 

32. No-load saturation curves of salient-pole alter- 
nators are calculated in the same manner as those of direct- 
current machines. The curve for a turbo-altcmator must be 
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based partly on test data from similar machines, because of the 
difficulty of calculating accurately the number of ampere-turns 
required to set up the flux in the cylindrical rotor. The air-gap 
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ampere-tums for a turbo-alternator are calculated in the usual 
manner, and to the number thus found is added the number of 
ampere-tums shown by tests to be necessary for the stator 
and rotor steel. Curve OAA, Fig. 18, is the no-load saturation 
ciu^e of an alternator, and from this curve can be found the 
full-load saturation curve for any power factor. 



FULL-LOAD CURVES 

33. The full-load saturation curve of an alternator 
can be drawn after calculating the no-load curve and the 
ampere-tums in the field coil necessary to set up full-load 
current in the armattu^ when short-circuited. The latter 
calculation is made as explained in Art. 20, and it determines 
the point 6, Fig. 18, at which the fuU-load satiuation curve for 
any power factor must begin. Incidentally, the calculation of 
the excitation Ob necessary for full-load current on short 
circuit and the terminal voltage be necessary to set up this 
ciurent against the impedance of the armature winding deter- 
mines a point on the short-circuit characteristic, which can then 
be drawn through this point and the origin. 

34. At zero power factor the armature demagnetizing 
ampere-tums a 6, calculated according to Art. 13, can be 
subtracted directly from the field ampere-tums as explained 
in Art. 25, leaving a effective ampere-tums, which on open 
circuit induce electromotive force a/ in the armature, / being 
a point on the no-load satiuration curve. Line af then repre- 
sents the armature drop at full load. If the armature current 
remains constant and the power factor remains zero while the 
terminal voltage is increased, the armature drop af and 
the armature reaction a b remain constant, and points on the 
ciu^e b B B can be located by moving the triangle/ a 6, keeping 
the point / on the curve O A A and the line af vertical. One 
position is shown at f a' V obtained by making f a^^fa 
and a'V = ab\ V is one point on the required curve. The 
curve b B B, drawn through the points thus found, represents 
the full-load sattu'ation curve for zero power factor. 
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35. With zero power factor, field excitation Od sets up 
normal voltage d k'^ at full load, and if the load is removed 
with this excitation the terminal volts will rise to d ^'; that is, 
the terminal volts will increase ^" k'. On open circuit, exci- 
tation Oc is necessary to obtain normal voltage, and if the 
fields were not designed to admit the increase cd with the 
available exciter voltage, the normal terminal voltage could not 
be maintained at full load with zero power factor. Operation 
at zero power factor is rarely necessary, but if an alternator 



Fig. 19 

is designed for such operation it can easily be made to maintain 
full voltage and good regulation at any power factor. 

36. A curve for any i)ower factor can now' be found by 
the use of Fig. 19. • For example, a point on the curve n /, 
Fig. 18, for a power factor of .8 can be foimd as follows: Any 
convenient excitation, say g, would maintain open-circuit 
voltage g k and full-load voltage gh on zero power factor; the 
full-load voltage drop on zero power factor is h k. The problem 
is to determine the full-load voltage on power factor .8. The 
line Ay Fig. 19, is drawn to represent the direction of the 
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terminal voltage to be found, and 7 to represent the direc- 
tion of the current, cos <l> being .8. The electromotive force O i 
( = /tfe, Fig. 18) required to overcome the synchronous impe- 
dance is the resultant of the known resistance drop Or in 
phase with 7, Fig. 19, and the unknown reactance drop x 
at right angles to 7; hence, by laying off Or equal to the 
resistance drop and drawing a line from r perpendicular to 7, 
the point i can be found by striking an arc from as a center 
with a radius equal to hk, Fig. 18. The reactance drop, 
represented by x eqtials ri, Fig. 19. The total induced 




Fig. 20 



electromotive force g k. Fig. 18, is the resultant of i volts, 
Fig. 19, drop in the armature and the unknown terminal volts; 
From the point i a line is drawn parallel to A and this line 
is intersected at / by an arc drawn with O as a center and with 
a radius equal to g k, Fig. 18. The line / 6, Fig. 19, is then 
drawn parallel to Oi, locating the point 6 and determining 
the length of the vector O b representing the terminal voltage E 
at full load with a power factor .8. The length of this vector 
is laid off at g /, Fig. 18, giving one point / on the curve. With 
a power factor of .8, excitation g will therefore give g k volts 
at no load and g I volts at full load with a power factor of .8. 
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37. Fig. 20, which is a modification of Fig. 19, aifords a 
more ready means of locating several points on saturation 
curves after the no-load curve has been calculated. At one 
end c of a horizontal line gc a vertical line is drawn, and a 
distance 6 c is laid off from the same end to represent the 
resistance drop in the armature. From the point b a line b y 
of indefinite length is drawn making an angle ^ with the hori- 
zontal line gc, such that cos <^ = .8. With 6 as a center and 
with a radius equal to the total armature drop h k, Fig. 18, an 
arc is drawn cutting the vertical line c/, Fig. 20. Then with / 
as a center and with a radius equal to the open-circuit vol- 
tage g ky Fig. 18, an arc is drawn to cut the line b y, Fig. 20, at 0; 
the distance g /, Fig. 18, is made equal to 6 O, thus locating the 
point / on the ciu^e n I, 

The polygons of electromotive forces OfcbO are exactly 
the same in both Figs. 19 and 20. This fact will be more evident 
if the dotted line c g parallel with /, Fig. 19, is taken as the 
direction of the current and the whole figure conceived to be 
swimg around until line c gis horizontal. 

A point on the curve n /, Fig. 18, corresponding to excita- 
tion d, can be found by drawing an arc with a radius k" k' 
and a center 6, Fig. 20, to locate the point /'. With this point as 
a center and with a radius equal to d k\ Fig. 18, an arc is drawn 
cutting the line b y, Fig. 20, at 0'. The point «, Fig. 18, is located 
so that the ordinate d m is equal to the distance b 0\ Fig. 20. 
Other points can be located in a similar manner and the ciu^e n I 
drawn through them. Only the useful part of the curve need 
be drawn; if continued it would terminate in the point b. 

38. In locating points on the ciu^e for unity power factor, 
the angle <^, Fig. 20, becomes zero, and the intercepts, such 
as p, p'j on the horizontal determine the values of terminal 
electromotive forces, the arcs being struck from centers located, 
as before, on the perpendicular through c. A part of the ciu^e 
for unity power factor and full-load current is shown at r y^ 
Fig. 18. This curve, if fully plotted, would end at 6. 

39. The regulation can be estimated from the saturation 
ctuves. At unity power factor, field excitation />, Fig. 18, is 
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required to maintain normal voltage. When the load is thrown 

T S T S 

oflf, the voltage rises to p s; hence, the regulation is — , or — 

pr pr 

X 100 if it is to be expressed as a percentage. With a power 

factor of .8, the regulation is , and the variation in voltage 

nt n 

when the load is thrown off is very much greater than on a 

non-inductive load. With zero power factor, the regulation 

is — —. The curves plainly show the great influence the char- 
a fv 

acter of the load has on the regulation, and why it is necessary 
to state the power factor of the load in every case where regu- 
lation is specified. 

40. The foregoing method of estimating regulation is not 
exactly correct, because it is difficult to separate the effects of 
armature reaction and self-induction; also, there are a number 
of points that are not taken into account in the method. For 
example, with current in the armature, the field ampere-tums 
must be increased in order to keep up the voltage, and this 
increases the magnetic leakage between poles; whereas, in 
Fig. 18, the open-circuit saturation curve is used in deter- 
mining the regulation, and the leakage is therefore taken as 
the same with and without load. Again, there is liable to be 
more or less inaccuracy in the calculations of the short-circuit 
line. It is possible to make corrections that add to the acciuacy 
of the calculations, but the foregoing method illustrates the 
principles involved, and is therefore very useful in forming an 
approximate estimate of the behavior of a machine when oper- 
ating on loads of various power factors. 



FIELD LEAKAGE 

41. * The ability of an alternator to hold up its voltage on 
loads of low power factor depends very largely on the field 
leakage. The greater part of the flux set up through the poles 
passes through the armature core and is useful in generating 
electromotive force; but some lines of force leak across the space 
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between the poles without entering the armature core, and this 
leakage flux produces no electromotive force. The field leakage 
coefficient is the ratio 

total flux _ useful flux+leakage fltix 



useful flux 



useful flux 



In ordinary alternators, the value of the leakage coefficient 
usually lies between 

I r-^'~^t ff^ M ^ole-Tip 

t L -.'*^--^y^q|>i^ 1 ^Leakage 



1.1 and 1.5. 




-J?n<f Leakage 






-^^ Leakage 



42. Leakage flux 
can be calculated 
when the dimensions 
shown in Fig. 21 are 
known; N andS rep- 
resent two adjacent 
poles of a revolving 
field, and the dotted 
lines represent the 
leakage flux between 
poles. For conve- 
nience, the flux may 
be divided into four 
parts as follows : (1) 
Leakage between the 
pole-core sides of 
height h and length 
L; (2) leakage be- 
tween pole tips of 

height W and length L; (3) end leakage between ends of pole 
cores of height h and width w\ and (4) end leakage between 
ends of pole shoes of height W and width- w'. 

The density of the leakage flux is greatest at the upper part 
of th^ poles and between the pole shoes, because at these places 
all the ampere-tiuTis are effective, and also because the leakage 
path between the pole shoes is shorter than elsewhere; the flux 
density decreases as the yoke is approached. Since the leak- 
age paths are in parallel with the path of the useful flux, the 
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ampere-turns effective in setting up leakage are the same as 
those effective in setting up useful flux through the air gap, 
armature core, and teeth; for all practical purposes, these 
ampere-turns may be taken as the same as the ampere-turns 
for the teeth and the air gap, because the number required for 
the core is very small. If X represents the ntmiber of ampere- 
tiuTis per pole required for the teeth and for the air gap, and 
the dimensions shown in Fig. 21 are in inches, the leakage flux 
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as 



per pole 0i can be calculated approximately by the following 
formula: 



<Pz = 3.19X 



m-'i) 



L+3.2 h k+6A2 h 



'jfe'l 



in which k and k^ are coefficients depending for their values on 

the ratios - and — , respectively. For known values of — or — 
a a' a a' 
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the values of k and k' can be obtained from the curve given 
in Fig. 22. 

Example. — ^An alternator has poles of the following dimensions, in 
inches: A' = .5; A = 6; w = 3; w' = 5; a = 4; a' = 2.4; and L*8. The ampere- 
turns per pole for the teeth and the air gap are 3,000, and the useful flux per 
pole is 2,500,000 lines, (a) Calculate the leakage flux ^/. (6) What is 
the leakage coefficient of the field? 

SoLxrriON. — (a) First find the values of k and k* from Fig. 22. -=7 

a 4 

w' 5 
= .75; hence, ife = .335; — = — = 2.08; and ife' = .625. Substituting the 

other values in the fonnula, 

^1=3.19X3,000 r("^+^)8+3.2X6X.335+6.42X.6X.625] 

=3.19X3,000 (30.6+6.4+2) 

=3.19X3,000X39 =373,230 lines, approximately. Ans. 

{h) The useful flux is 2,500,000 lines, and the total flux is 2,500,000 

+373,230 = 2,873,230 lines; hence, 

2,873,230 

leakage coefficient is ^ ,^^ ^ - = 1.15, nearly. Ans. 

2,500,000 

As indicated in the formula, the leakage flux is the sum of the 
products of the magnetomotive force 3.19 X and four separate 

tennsasfoUows: — XL; — XL;3.2feife;aiid6.42A' jfe'. The 
a' a 

first of these gives the leakage flux between the pole tips facing 

each other; the second, the flux between the pole sides; the third, 

the leakage between the ends of the pole cores; and the fourth, 

that between the ends of the pole shoes. 

43. In order to avoid excessive field leakage, the dis- 
tances a' and a. Fig. 21, must be made as large as practicable; 
this means that the pole pitch, or distance between centers of 
poles, must be liberal. Machines built with small diameters 
and having crowded field poles invariably have large magnetic 
leakage. In other words, machines of large diameter and with 
fairly short poles, measured parallel with the shaft, and with 
liberal space between the poles, have much less leakage than 
those of smaller diameter with longer poles crowded closely 
together. 
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RATIO OF FIELD AND AIIMATURE AMPERE-TURNS 

44. In order to minimize the effect of armature reaction 
on the voltage regulation, the ratio of the number of field 
ampere-tums per pole required to set up the flux in the air gap 
to the number of armatiu^ ampere-tums per pole in salient-pole 
alternators should be from 1.4 to 2.5 for 60-cycle machines and 
from 1.25 to 2 for 25-cycle machines. In turbo-alternators 
these ratios should be from 1.5 to 2.5 for 60-cycle machines, 
and from 1.35 to 2.25 for 25-cycle machines. 

45. The nimiber of gap ampere-tums per pole is calculated 
by the formula 

I Tg=. 313 Bglg (1) 

in which 5g = flux density in air gap, in lines per square inch; 
/p = radial length of air gap, in inches. 

The flux density Bg must be kept within practicable limits, 
which will be specified later, and the air gap must be made 
long enough to give the required number of gap ampere- 
tums / Tg. In some cases, therefore, a longer air gap than 
necessary for mechanical clearance between the stator and the 
rotor is required The number of gap ampere-tums can be 
ascertained, after the nimiber of armattire ampere-tums per 
pole is decided, as explained in Art. 44. The required length 
of air gap can then be calculated by transforming formula 1 
as follows: 

T T 
lg=-^-^ (2) 

.313 5, 



SUMMARY OF REQUIREMENTS FOR GOOD 
REGULATION 

46. The following is a stunmary of the main points that 
should be observed in order to obtain good regulation: 

1. Make the armature of sufficiently large diameter so that 
the poles will not be crowded together and cause excessive 
magnetic leakage. 
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2. Design the armature to have as low self-induction as 
is practicably, so as to keep down the inductive drop and reduce 
the angle by which the current lags behind the induced electro- 
motive force. The slots should neither be too deep nor too 
narrow, and the winding should be subdivided if possible. 
This statement applies more especially to alternators of slow 
and moderate speeds. 

3. Make the field magnetically strong as compared with 
the armature; that is, make the air gap of such length that the 
ampere-turns per pole on the field necessary to set up the 
required air-gap density will be much greater than the armature 
ampere-tiuTis per pole. 

4. Increase the density of the magnetic circuit so that the 
machine will be worked well up on the bend of the saturation 
curve. Considerable variation in the effective ampere-turns 
per pole will not then affect the flux and voltage so much as if 
the magnetic circuit were tmsaturated. 

47. Low armattu^ reactance is objectionable, however, in 
high-speed alternators, because in case of accidental short 
circuit it permits excessive transient current and correspondingly 
heavy stresses on the long coil ends projecting beyond the stator 
slots. On tiu"bo-altemators either these ends must be securely 
braced or the self-induction must be made comparatively high, 
resulting in relatively poor regulation. This reasoning does not 
apply to slow-speed alternators with many field poles, small 
coil pitch, and short coil ends; such machines can be made with 
lower self-induction and better regulation than is practicable 
with turbo-alternators. 

48. Moreover, good regulation necessitates heavy and 
expensive construction. Low armature reaction requires large 
magnetic flux and heavy magnetic circuits, and long air gaps 
require many ampere-turns and heavy field coils. On the 
other hand, poor regulation permits higher armature reaction, 
smaller flux, and Ughter magnetic circuits; also, short air gaps 
require fewer ampere-tums and lighter field coils. 

In many cases an alternator with poor regulation and an 
automatic voltage regulator can be purchased cheaper than an 
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alternator for the same output with regulation approximating 
that obtained with the combined alternator and voltage regu- 
lator. The tendency in modem alternator design is, therefore, 
to disregard regulation and observe only the limiting temper- 
ature. The regulation thus obtained ranges from 12 to 18 per 
cent, at unity power factor and from 26 to 40 per cent, at 
80 per cent, power factor. 

ELECTRICAL CALCULATIONS 



MAGNETIC DENSITIES 

49. The allowable magnetic densities in the teeth and cores 
of alternator armatures depend somewhat on the frequency, 
being highest for low-frequency machines. In any case these 
densities are somewhat lower than in the corresponding parts 
of direct-current machines. In alternators that are to operate 
at temperature rises not exceeding 40*^ C. with full rated 
load, the following densities are common in well-proportioned 
machines. The lesser of the two values in each case is for 
short machines and the higher values for longer machines 
provided with fans. 

Frequency Tooth Density Core Densfty 

Cycles Lines per Square Inch Lines per Square Inch 

60 92,000 to 1 10.000 65,000 to 70,000 

25 1 15,000 to 120,000 75.000 to 90,000 

50. The air-gap densities generally range from 40,000 
to 58,000 lines per square inch for 60-cycle alternators, 48,000 
being a fair average. In 25-cycle alternators the maximum 
density may be as high as 65,000 lines per square inch. These 
densities are limited by the allowable tooth density. With 
subdivided armature windings the teeth are frequently very 
little wider than the slots, in which case the air-gap density 
must be approximately one-half the tooth density. With 
very wide teeth and narrow slots the air-gap densities can be 
made somewhat higher than the foregoing numbers without 
making the tooth densities excessive. 
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51. Field-core densities in laminated-steel or cast-steel 
poles can be made from 80,000 to 100,000 lines per square inch. 
High field-core densities are usually economical, as the cross- 
sections and peripheries of the cores are then small, making 
the mean length of field twm relatively short and the weight 
of field copper small. 

52. The densities in the spider rims of revolving-field 
alternators are usually low enough if the rims are designed for 
mechanical strength. The density should not be over 40,000 
lines per square inch in cast-iron rims and not over 60,000 lines 
per square inch in cast-steel rims, but mechanical considerations 
generally make it advisable to have the densities lower than 
these numbers indicate. 

AIR-GAP AMPERE-TURNS 

53. In an alternator, the armature teeth are usually rather 
' coarse and the slots wide, so that the magnetic fltix from the 

pole is in tufts, somewhat as shown in Fig. 23. The actual 
density in the gap is greater than the value obtained by dividing 
the total fltix per pole by the area of the pole face, and the 




Fig. 23 



acttial ampere-turns required for the air gap are therefore 
greater than those obtained from calculation based on the 
assumption that the lines are imiformly distributed. To allow 
for this bunching of the lines, the ampere-ttmis can be calcu- 
lated for an effective air gap slightly longer than the actual 

283-18 
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gap /„ the increased length depending on the dimensions of 
the slots and teeth and the length of the gap. 

54. The effective air gap can be calculated by the follow- 
ing fonntila, in which all dimensions are in inches: 

5 



/+- 



I'M 



t 



ii+k'^-i 



% 



in which 



I'g = effective air gap ; 

5= width of slot opening; 

/= width of tooth at air gap; 
fe' = coefficient obtained from Fig. 24; 
/^ = actual air gap. 
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Pig. 24 

55. Sallent-Pole Rotorsi — The effective polar arc in an 
alternator with salient, or projecting, poles is greater than the 
actual pole arc. Fig. 23, owing to the fringing of the flux at the 
pole tips. The effective arc can be calculated by the formula 

Effective arc = actual arc+fe Ig 
in which k is equal to the coefficient obtained from Fig. 25. 

56. The effective pole arc multiplied by the pole-face 
dimension parallel to the shaft gives the effective area of the 
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pole face. The total flux divided by this effective area, in 
sqtiare inches, gives the average air-gap density Bg in lines 
per square inch. The formula for air gap ampere-turns can 
then be written 

Example. — ^The pole pitch of an alternator is 8 inches, and the open 
slots have a width of .75 inch. The width of the teeth at the air gap is 
1 inch; the 'length of the single air gap is .2 inch; the polar arc is 5 inches; 
and the length of the pole parallel with the shaft is 10 inches. Assuming 
that the total flux per pole is 2,500,000 lines (2.5 m^alines), calculate the 
ampere-ttuns for the air gap, making allowance for pole and tooth fringing. 
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Solution. — ^To obtain the effective air gap, use 5 * .75 ; / — 1 ; and - 



.76 



=3.76. From Fig. 24, the corresponding value of ife' is .58. When these 
values are substituted in the formula of Art. 54. 
.75 



1 + - 



,1 + .58X 



.7_5i^-'=rf5><-'=-^'"^^^ 



_ _ - , rt. . , pole pitch— pole arc 8—5 

To find the effective pole arc, = —;;-* 15, and 



la 



.2 



from Fig. 25, * =3, nearly. Then, by the formula of Art. 55, the effective 
arc is 5+3 X. 2 = 5.6. The effective pole area is 5.6X10 = 56, and the 
average air-gap density is 2,500,000-^56 = 44,600 lines per sq. in., approx- 
imately. By the formula of this article, 

/ Tj, = .313 X 44,600 X .244 = 3,400, approximately. Ans. 

57. Cylindrical Rotors. — ^Fig. 26 is a cross-section of a 
four-pole rotor with a winding consisting of three coils per pole, 
spaced, respectively, in slots /-7, £-2, and 5-5, these numbers 
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being used here*f or identification pxirposes only and for only one 
pole. The coils for each of the other field poles are placed in 
the same relative manner. The three field coils of each pole 
are effective in establishing flux through the center pole and 
the arc a in the adjacent air gap; the two coils in slots 1-1 
and ^-2 cause flux through the arc a and arcs b and only the 
coil in slots 1-1 is effective in producing flux through the arcs c. 




Fig. 26 

58. Fig. 27 shows a development of one pole and the fltix 
distribution curve in the air gap at arcs a, fc, and c, Fig. 26. 
The maximimi flux density Ba occurs over the center pole, and 
this density decreases over each adjoining rotor tooth to zero 
over the teeth between coils belonging to adjacent poles. The 
arcs are measured at the center of the air gap, in order to allow 
for the fringing of the lines of force at the rotor slots. Arcs b 
and c are usually of equal length. 

The base of the distribution curve, Fig. 27, is equal to the 
span of the outer coil on the pole. The ordinates represent the 
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O/striPution 




Pic. 27 



fluxes from the teeth and the pole center, and the ordinate over 
each tooth Bi, Bt is therefore proportional to the ampere-tums 
surrounding that tooth. The ordinate Bm oi the curve over 
the pole center repre- 
sents the maximum 
flux caused by all the 
ampere-ttims on the 
pole. If the area en- 
closed by the curve is 
divided by the length 
of its base, the quo- 
tient Ba will be the 
average flux as repre- 
sented by the broken 
line. In laying out a 
design, the maximum 
flux can be assumed 
to be 1.5 times the average flux tmtil dimensions of the rotor 
core and slots have been foimd, and then the ratio can be 
checked by laying out a curve and determining the exact ratio 
as just explained. 

69. In the following formulas 

/r^ssgap ampere-tums per pole; 
<P=useful fltix per pole; 
l^ = air gap, in inches; 
/'j= effective length of air gap, in inches, determined as in 

Art. 54; 
/r= axial length of rotor core, in inches; 
/= axial length of net stator iron, in inches; 
a' = developed length, in inches, of arc a. Fig. 26; 
6' = developed length, in inches, of arc fc, Fig. 26; 
5p= number of rotor slots per pole; 
cf= diameter of stator bore, in inches; 

/o= stator slot pitch, in inches = ; 

number of stator slots 

/m=niean width of stator teeth, in inches; 

Bi«,= density in stator teeth opposite pole arc a. 
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Then. IT, ^13£^f_ (i) 



/{a'+d-l).'] 



B.„^—-^MZ}^ (2) 



[a'+(f-l).'] 



dtml 



The density in the air gap is limited in the same manner as 
in a salient-pole machine. In machines designed for 40° C. rise, 
allowable tooth densities Btm are from 90,000 to 115,000 lines 
per square inch for 60-cycle machines, and from 115,000 to 
120,000 lines per "square inch for 25-cycle machines. The 
corresponding gap densities are from 40,000 to 53,000 Hnes per 
square inch for 60-cycle machines, and from 50,000 to 65,000 
lines per square inch for 25-cycle machines. 



INSULATION 

60. Alternator windings must be insulated for voltages 
. much higher than the rated voltages at which the machines 

are to operate; that is, the insulation must be designed with a 
large factor of safety. The standard dielectric test agreed 
upon by the American Institute of Electrical Engineers for the 
insulation of alternator armature windings is a sine-wave 
alternating voltage of two times the rated voltage of the alter- 
. nator plus 1,000 volts, this test to be continued for 60 seconds. 
The insulation of the field windings should be tested by a 
voltage of the same character ten times the exciter voltage 
• but never less than 1,500 volts. 

According to these specifications, the armature instdation of 
a 2,200-volt alternator should be tested with 2X2,200+1,000 
= 5,400 vojts alternating, and if the exciting voltage is 125 the 
field coil insulation should be tested with 1,500 volts, because 
10X125 = 1,250, which is less than the minimtim specified. 

61. Some of the insulating materials most commonly used 
in alternators are micanite, varnished cloth (one variety of 
which is called empire cloth), oiled cambric or linen, paper and 
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fuller's board, cotton tape, horn fiber, fish paper, and similar 
tough, fibrous materials. 

Micanite, which is formed of thin sheets of mica cemented 
together with insulating varnish or shellac, is used in alter- 
nators both in sheets from .015 to .02 inch thick and as tape 
from .005 to .01 inch thick. Varnished cloth and cotton tape 
are usually from .005 to .01 inch thick and .75 to 1 inch wide. 

62. In applying: insulating materials to armattire 
conductors, single conductors, sometimes in several strands, may 
be insulated with fine cotton thread sptm on in layers or with 
half-lapped cotton tape, as in Fig. 28. This taping is satis- 
factory for comparatively low voltages, but if the voltage 
between adjacent conductors in a coil is high, additional insula- 
tion, such as half-lapped micanite tape or varnished doth, 
is applied. If high internal coil temperatiu"es are expected, 
micanite tape is added to the cot- 
ton taping or strips of micanite are \L^ / / / A 
placed between the conductors. \ /wfiMiihiAHi^wfta 

After the conductors have been 
properly insulated, formed into coils, p^^ ^ 

and tied together, the coils are insu- 
lated preparatory to placing them in the armature slots. In 
machines for voltages not exceeding 440, the slot insulation gen- 
erally is fish paper, together with varnished doth and cotton 
taping. In machines for more than 440 volts, varnished doth, 
together with micanite, is used. The micanite is applied gen- 
erally next to the conductor, and then the proper number of 
layers of half-lapped varnished cloth is applied over the micanite. 
In order to eliminate all air pockets, which invariably form 
between the different layers of coil insulation, the vacuum 
impregnating process is used. The insulated coils are placed 
in an air-tight tank or vacuum oven, from which the air is then 
exhausted. When the air is almost wholly removed from the 
insulation, hot insulating compound or insulation varnish is 
forced into the tank under pressure and fills the openings in 
the insulation from which, the air was removed On cooling, 
this compound solidifies, making the coil a solid imit. The 
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Pig. 29 



straight portion is then covered with a layer of fish paper, 
after which the coil is heated and pressed to exact size. 

63. In calculating the dimensions of finished arma- 
ture coils, allowance must be made for the space occupied by 

insulation. Each layer of half-lapped cot- 
ton tape or varnished cloth adds four times 
its thickness to each dimension of a conduc- 
tor section. This insulation swells when 
impregnated, so that .006 inch must be 
allowed for each thickness of .005-inch tape. 
Micanite does not swell appreciably when 
impregnated. The outer covering, or armor, 
of the coil, usually of micanite or fish paper, 
as indicated in Fig. 29, adds twice its thick- 
ness to the width of the coil and is lapped above so as to add 
three times its thickness to the depth. 

64. In calculating the dielectric strength, only one 
thickness of tape can be counted for each layer half lapped and 
only one thickness of 
the micanite or fish 
paper applied as in 
Fig. 29. The dielec- S ^^ 
trie strengths in kilo- I 
volts (thousands of 5 20 
volts) of some of these ^ 
materials are shown 1 15 
by the curves in | 
Fig. 30. A single layer v 
of half-lapped cotton | 
tape has a dielectric | 
strength of 1,000 volts ^ 
when impregnated 
with insulating com- 
pound. A double 
layer of fine cotton 
threads spun over a conductor to a thickness of only .0034 inch 
will withstand 600 volts when impregnated, but only 160 volts 
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without impregnation. Calculations based on the dielectric 
strengths of insulating materials serve only as rough guides in 
designing the insulation of machines, and large factors of safety 
must be allowed. Insulating materials are not imiform in 
quality and, moreover, they may be injured while being applied, 
thus greatly reducing their dielectric strengths. 

Example. — ^An armature coil consists of one turn of J-in. X J-in. conduc- 
tor insulated with one layer of half -lapped .005-inch cotton tape. The coil 
insulation consists of one turn of .02-inch micanite lapped on top and bound 
on with three layers of half -lapped .006-inch varnished cloth, outside which 
is one turn of .013-inch fish paper lapped on top. The insulated coil is 
then impr^nated. Calculate the dimensions of the coil section and the 
dielectric strength of its insulation. 

Solution. — ^The allowance for each thickness of impregnated cotton 
tape and varnished cloth must be .006 inch, and each layer adds four times 
its thickness to each dimension of the coil section. The dielectvic strength 
of one layer of cotton tape has been given as 1,000 volts; Fig. 30 shows 
that .02-inch micanite has a dielectric strength of 19,000 volts, each layer 
of .006-inch varnished cloth about 4,500 volts, and .013-inch paper 4,000 
volts. The calculations can be tabulated as follows: 





Width of Space 


] 
Depth of Space 


Dielectric 
Strength 


Insulation Matbrial 


Inches 


Inches 


Volts 


Tape on conductor 


4X. 006 = .024 


4X.006 = .024 


1,000 


Micanite on coil 


2X.02 =.040 


3X.02 =.06 


19,000 


Varnished cloth 


3X4X.006 = .072 


3X4X.006 = .072 


13,500 


Pish paper 


2 X. 013 = .026 


3 X. 013 = .039 


4,000 


Total 


.162 


.195 


37,500 



The width of the insulated coil, therefore, is .25 -f. 162 = .412 inch, and 
the depth is .5 -f .195 = .695 in. Ans. 

65. The slot space required is somewhat greater than 
indicated by the calculated coil dimensions, becaiise of inac- 
curacies in thicknesses of insulating material and in the 
assembly of core laminations. Table II gives safe allowances 
for insulation on a coil section; that is, both the width and the 
depth of the slot space required for a coil may be found by 
adding the given allowance to the dimensions of the conductors. 
If the width of the conductor forming one side of a coil for a 
220-volt armature is .3 inch and the depth .5 inch, the slot 
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should be from .08 to .10 inch wider, or approximately .4 inch, 
and the depth allowed should be approximately .6 inch. 

TABLE n 
SPACE ALLOWANCE FOB AI/TEBNATDB SLOT INSULATION 



Generated 
Voltage 


Total Allowance 

for Instilation 

Inches 


Generated 
Voltage 


Total Allowance 

for Insulation 

Inches 


IIO-220 

440-600 

1,100-2,200 

4400 


.08 to .10 
.10 to .14 
.16 to .20 
.24 to .28 


6,600 
11,000 
I3»200 


^ .28 to .38 
.38 to .42 
.42 to .50 



66. Insiulation of alternator field colls is compara- 
tively easy, because exciter voltages are generally low. The 
conductor for salient-pole field coils is usually strip copper 
wound on edge, as indicated in Fig. 31. The strips are sepa- 
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rated by layers of paper from .01 inch to .013 inch thick; if 
the coils must withstand very high temperatures, asbestos paper 
is used. The inside of the coil is separated from the pole by 
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wrappings of fish paper, and the coil ends are protected by 
fiber collars. Salient-pole field coils are also sometimes made 
of double-cotton or asbestos-covered wire, in which case no 
paper is used between turns. 

The field coils of turbo-generators are made of copper strip 
with fireproof insulation, such as mica or asbestos paper. The 
strip is woimd flat in slots, as indicated in Fig 32, the slots 
being previously insulated with fish paper and micanite. The 
coil ends extending beyond the rotor body are insulated with 
half-lapped asbestos tape. 



HEATING 

67. Heating is the most common limitation to the output 
of alternators. The copper, or PR, losses, and the iron, or 
hysteresis, and the eddy-current losses are converted into heat, 
which raises the temperature of the machine. As this temper- 
ature increases, more heat is dissipated to the surrounding air, 
and when the machine temperature has risen enough above 
the air temperature so that heat is dissipated as fast as developed 
in the machine, the machine temperature remains constant, or 
flat. The maximum capacity of the machine, so far as heating 
is concerned, is the load it can carry without reaching a temper- 
ature so high as to injure the insulation. 

68. The highest safe temperatures for some of the more 
common insulating materials are as follows: 

Dry or untreated fibrous materials 9(f C. 

Treated or oil-immersed fibrous materials. . . 100° C. 

Mica, asbestos, etc., in combination 150° C. 

Puremica , 200° C. 

The maximum temperatures in a machine are not indicated 
by thermometers applied to exposed parts; the heated parts 
are inside the coils where thermometers cannot be placed. 
The indicated temperatures should therefore be less than the 
maximum by an amount depending on the thickness of the coil 
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insulation. As this thickness varies with the voltage for which 
the machine is designed, the maximtim indicated temperatures 
should be less than in the foregoing list by approximately l(f C, 
if the rated voltage is not over 4,000; by 20*^ C, if the voltage is 
between 4,000 and 13,000; and by 25'' C, if the voltage is 
over 13,000. 

HEATING OF ARMATURE COID9 

69. The temperature of a stator winding is influenced by 
the temperature of the surroimding air and core steel, the axial 
length of the machine, the rate at which heat is developed in 
the coil, and the thickness of the insulation wall surrounding 
the conductors. 

70. The design of an electrical machine should be based 
on the maximum surrounding air temperature that is likely to 
arise, and this temperature is usually understood to be 40^ C, 
if not otherwise specified. The temperature of the core steel 
surroimding the armatiu^ coils depends largely on the iron losses, 
which are influenced by the flux densities in the armature core, 
by the frequency of the current, and by the provisions for 
ventilating the core. 

71. The portion of the stator coil that is surrounded by 
the heated core necessarily has a higher temperattu^ than the 
coil ends, since the ends come in contact with the air blast 
from the rotor. In a narrow machine, a considerable amoimt of 
the heat from the central portion of the coil flows to the coil 
ends, and the temperature difference between the hottest and 
coolest parts of the coil is slight; but as the width of a machine 
is increased, this difference is increased also. In long machines, 
such as turbo-alternators and high-speed motors and generators 
of large output, a considerable temperature difference exists 
between the hottest part of the coil, which is located in the 
central part of the core, and the coolest part, or the coil ends. 

72. In order to find the rate at which heat wiU be developed 
in the armature winding, the ampere conductors per inch of 
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inside periphery must be known, 
follows: 



This can be calculated as 



Let 



C= number of conductors per slot; 
AT = ampere-conductors per inch; 
m= number of phases; 
Ip = amperes per phase ; 
rp= turns per phase; 
d = inside armature diameter. 



Then, 



K = 



2w7p Tp 



(1) 



If the number of conductors per slot C, the amperes in each 
conductor Ip, and the slot pitch in inches <«, Fig. 33, are known, 
the number of ampere-conductors per inch can be found by 
theformtila 

CIp 



K=- 



to 



(2) 



The number of ampere-conductors per inch influences both 
heating and regulation. This number is chosen with reference 
to regulation, and then the size of the conductor is chosen to 
get the canying capacity 
required to keep within safe 
heating limits. For alter- 
nators to have regulation at 
imity power factor of fi-om 
7 to 10 per cent., K is made 
from 500 to 750; if the regu- 
lation is to be from 12 to 
18 per cent. , A' can be chosen 
from 750 to 1,300. In order 
to prevent eddy currents, which help to heat large solid con- 
ductors, the armattu*e conductors in a 60-cycle alternator are 
usually laminated if they exceed f inch in depth and those in a 
25-cycle alternator if they exceed f inch in depth. 

73. A formula can now be derived for calculating the rate 
at which power is converted into heat in the armattire windings. 
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Let P,= watts dissipated per square inch of armature-coil 
surface; 

fe«=kiloampere-conductors per inch of inside armature 
circumference (=/C-t- 1,000); 

/A=kiloamperes per sqtiare inch of conductor cross- 
section; 

Af= sectional area of conductor, in square inches; 

iV= sectional area of conductor, in square mils 
(= 1,000,000 M). 

W, D, and U have the meanings shown in Fig. 33 and are in 
inches; C and Ip have the meanings given in Art. 72. 

The resistance of 1 circular-mil-foot of copper is 10.8 ohms 
cold, and for design purposes may be considered as 12 ohms hot. 
The hot resistance of 1 drcular-mil-inch is, therefore, 1 ohm, 
and of 1 square-mil-inch .7854 ohm, or, for practical purposes, 
.79 ohm. Then, the resistance in ohjns per inch of one conductoi- 

79 

is '- — , and of all the conductors in 1 inch of slot space considered 

.79 C 79 C 

in series , or ^ . The loss in watts in 1 inch 

N 1,000,000 M 

of slot space is -^^?-^^- = ^^^^-^X^. ButC/p=l,000 
1,000,000 M 1,000,000 M 

ka to and -^ = 1,000 /*; therefore, the loss in 1 inch of slot space 
M 

. .79X1,000 fe« ^0X1,000 7jfe ^^u . T 

IS = .79 ka to Ik- 

1,000,000 
The coil surface per inch of slot space is 2 (W+D) square 
inches; therefore, 

p _ .79 kg to h __ M5K to h 
' 2 (W+D) W+D 

Example. — The inside diameter of a stator is 100 inches and the number 
of slots is 360. The slots are .47 inch wide and 1.6 inches deep imder 
the slot sticks. Each slot contains two conductors, and each conductor 
consists of four strips .15 in.X.24 in. The current per conductor is 
300 amperes. Find the watts loss per square inch of coil surface. 
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Solution.— 

360X2X300 



100X3.1416X1,000 
100X3.1416 ^^^ 

'•- — ::::;: — =873 

360 

300 ^^ 

2.08 



4X.16X.24X1,000 
ir=.47;Z> = 1.6 



„ .395X.688X.873X2.08 ^„„ , 

P,=* «.238. Ans. 

.47+1.6 

74. The thickness of insulation covering the armature coils 
and its ability to conduct heat affects the rate at which heat 
escapes and thus affects the final temperature inside the insu- 
lation. As this inside temperature must not exceed the limiting 
safe value for the insulation, the effect of the insulating wall 
must be considered. Experience has shown that reasonably 
accurate results with well-impregnated insulation can be obtained 
by the formula p ^ 

"!003 

in which 7= temperature difference, in centigrade, between the 
inside and the outside of the insulation walls; 
P,=watts loss per sqtiare inch of coil surface; 
0= thickness of the insulation wall, in inches. (See 
Fig. 33.) 

The external temperature of the coils and the core can be 
measured by thermometers. By adding the calculated temper- 
ature difference T, the temperature inside the insulation can 
be determined. 

Example. — ^Pind the maximtim internal coil temperature of an alter- 
nator carrying a load giving P«a".3 watt per square inch of coil surface. 
The insulation around the coils is .2 inch thick, and the highest temper- 
ature of the machine is 65® C, measured by thermometer on the stator 
core touching the stator coils in the middle of the machine. 

Solution. — ^As the outside of the insulation wall has the same temper- 
ature as the adjacent core steel, the maximum internal coil temperatiu-e 

P O 3X 2 
iseS'^C.+r. Intheformula,P, = .3,O=.2,andr»-^=^£^=20®C. 

.003 .003 

Then, the maximimi internal coil temperature is 65+20=85** C. Ans. 
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76, The power loss in watts per square inch of armature 
coil surface in low-voltage alternators designed for 40° C. maxi- 
mum temperature rise may vary from .25 in machines with 
peripheral velocities below 3,500 feet per minute to .35 with 
velocities of 6,000 feet per minute. The better ventilation 
obtained with the higher velocities causes more rapid dissipa- 
tion of heat. With forced ventilation the value of P, may be 
as high as .4 without causing excessive temperature. In high- 
voltage machines the effect of the insulation on the internal 
temperature must be considered, and P, must be low enough 
to keep the inside temperature within safe limits. 

Example. — ^A 13,200-volt alternator is specified not to exceed 65* C. 
temperature rise, measured by thermometer, above atmospheric temper- 
atiu-e taken at 25^ C. The insulation is mica and varnished cloth of 
which the maximum temperature should not exceed 100® C. (Art. 68). 
Find the maximum safe watts per square inch of coil surface. 

Solution. — ^The hottest part of the machine will be the armature 
conductors, and their maximiun temperature must not be over 55** C. 
+25** C. = 80** C. As indicated in the problem, the temperature of the coils 
inside the insulation should not exceed 100** C, and the allowable differ- 
ence when the coil temperature is at its highest point is 100—80=20** C. 
The thickness of insulation on armature coils for a 13,200-volt machine 
DMty be taken as one-half the maximum allowance given in Table II, or 
.25 inch. Then in the formula of Art. 74, r=20, = .25, and 20 

P«X.25 _, 20X.003 _ ^ . 
" ^^^ \P»^ — HZZ — "24. Ans. 
.003 .25 



ROTOR HEATING 

76« Heat is readily dissipated from salient-pole field coils 
made of strip copper woimd on edge, especially if the speed 
is high. Experience has shown that the results indicated by 
the curves in Fig. 34 may be expected with such coils. The 
coil surface referred to is the outside exposed surface only, or 2 c 
(a +6), and does not include the ends or the surface inside next 
the pole core. The curve for 40® C. temperature rise shows 
that at a peripheral velocity of 9,000 feet per minute, power 
can be dissipated from the field coils at the rate of 3.8 watts per 
square inch of siuiace thus calculated. If the entire surface 
were considered, as is done with stator coils, this number would 
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be approximately 1.55, whereas the maximum for stator coils, 
as given in Art. 75, is .4, thus showing that with the better 
ventilation possible with this form of field coils the rate of heat 
dissipation is increased nearly four times. 

77. In a rotating field turbo-generator, the field winding 
is usually distributed in several slots per pole. The main por- 




O 2000 40OO 6000 8000 

Peripheral Rotor Velocity in Feet per Minute 
Pig. 34 

tion of the coils is embedded in the rotor core, as indicated in 
Fig. 35, and only the coil ends are exposed directly to the air. 
Hence, only part of the heat due to rotor losses is dissipated 
from the coil ends, whereas the remainder must work its way 
through the rotor core to the surrounding air. In designing a 
tiu^bo-rotor, the simplest method is to asstmie that all the heat 

283-19 
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due to rotor losses is dissipated from the cylindrical rotor 
surface. The increase in temperature varies * considerably- 
according to rotor length and speed. However, for each watt 




Fig. 35 



dissipated per square inch cylindrical surface, a temperature 
rise of 12° C. may be taken as a fair average. 



Let 



Then, 



Tr — temperature rise ; 

d= rotor diameter, in inches (Fig. 36); 

L= length of rotor core, in inches (Fig. 35) ; 
Pr= total watts loss in rotor winding. 

12 Pr 



Tr = - 



dL 



Example. — ^A tiirbo-rotor is 20 inches in diameter and 36 inches long. 
At what rate can power be dissipated as heat from the cylindrical surface 
without exceeding a temperature rise of 40° C? 

Solution. — Here rr«40, d=20 in., L = 36 in., and Pr is to be found. 

By the formula, 40=; 



Pr = 



3.1416X20X36' 
40X 3.1416X 20X36 
12' 



=7,540 watts. ^Ans. 



FORCED VENTILATION 



78. Forced ventilation is common in ttirbo-altemators. 
The high speed and correspondingly large output per unit 
weight of such machines result in the liberation of large 
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quantities of heat in small spaces, and much of this heat is 
carried off by air-currents forced through passages in the heated 




Pig. 36 

parts. In order to control the direction of the air-currents, as 
well as to reduce noise, the machines are usually enclosed. 

79. The air movement is caused in some cases by ventilating 
fans mounted on the rotors, as in Fig. 36, and in other cases by 
separate blower systems. 
The fan blades shown in 
Fig. 36 cause air-currents 
as indicated in the sectional 
view, Fig. 37. Air enters a 
chamber at the bottom of 
the machine, passes up in 
two parallel paths, through 
the stator core, and escapes 
through the top of the yoke. 
This method is preferable 
for the small alternators. 

Fig. 38 shows another 
method used in larger turbo- 
alternators. Fans as shown 
in Fig. 36 or separate blow- 
ers cause air-currents, as in- 
dicated by arrows, through a large number of ventilating ducts 
in the stator core, as well as over the surface of the rotor 




Fig. 37 
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and coil ends. The sections A and B form an inner annular belt 
just back of the stator core. The sections A open directly to the 
incoming air and the sections B directly into a space C beneath 
the machine and into an outer annular belt D\ the heated air 
escapes at the top of the machines. The stator vent segments 
are provided with curved ribs a to guide the air. Air for cool- 
ing the rotor surface passes in through the air gap at each end 
of the rotor and finds its way out through the ducts in the core. 




Pig. 38 

80. From 100 to 150 cubic feet of air per minute for each 
kilovolt-ampere loss in a turbo-alternator must be provided for 
good ventilation. The passages must be large enough to keep 
the velocity of this air below 6,000 feet per minute. The heat 
carried away depends on the volume of air and on the difference 
between its temperatures on entering and on leaving the machine. 
Let ^1 = temperature of entering air, in degrees centigrade; 
^2= temperature of escaping air, in degrees centigrade; 
P= power in watts to be dissipated as heat; 
1^ = volume of ventilating air, in cubic feet per minute. 
Then, P=.536 F (fe-/i) 



Digitized by 



Google 



§ 62 ALTERNATING-CURRENT MACHINES 



59 



Example. — If the temperature rise in the ventilating air escaping from 
a turbo-alternator is 18.6** C, what volume is necessary for each kilo- 
watt loss? 

Solution.— Here P=i,000 and /i-/i = 18.6. Then 1,000 -.636 7 
X18.6; 

1,000 



7- 



.536X18.6 



- 100 cu. ft. per min. Ans. 



EFFICIENCY 

81. The eflSciency of a machine affects its heating, because 
the eflSdency is the ratio of the output to the input, and the 
output is the input minus the losses. The lower the efficiency 
the greater are the losses and consequently the heating. The 
losses in an alternator are of the same classes as those in direct- 
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Fig. 39 

current machines, namely: core loss, friction and windage, and 
copper losses in the windings; alternators have additional stray 
losses also. 

82. The iron losses at 25 and 60 cycles can be calculated 
by the aid of the curves in Fig. 39. These losses must be 
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calculated separately for each part of the cores in which the 
magnetic density differs materially, as in the teeth and the 
core body. For example, the weight of metal and the magnetic 
density in the teeth are calculated and the weight is multiplied 
by the loss per pound at the calculated density, this loss being 
obtained from one of the curves. Similar calculations are 
performed to obtain the loss in the core, and the sum of the 
tooth and core losses is the total iron loss in the armature. 

83. Friction and windage losses cannot be calculated accu- 
rately, the usual method being to estimate them from tests on 
similar machines. These losses are usually considered as 
belonging to the engine or other prioie mover, rather than to 
the alternator, when the latter is direct driven. 

84. The copper losses are simply the PR losses found by 
calculating the resistance of each winding or each phase, and 
multiplying this resistance by the square of the current in the 
winding. 

Let i = amperes in each phase of the armature winding; 
r= resistance per phase, in ohms. 

Then, Si^r is the copper loss in watts in a three-phase 
armature, and 2i^r that in a two-phase armature. 

The field loss is calculated by the same method, PR being 
the loss when / represents the field current and R the field 
resistance. Some contracts specify that rheostat losses must 
be included, in which case the field loss is 7 ^, ^ representing 
exciter voltage. 

85. The losses caused by the magnetizing action of the 
armature current, iisually called stray losseSj include eddy- 
current losses in the conductors and in the steel and hysteresis 
loss in the steel. These losses occur only when the machine 
is loaded and are therefore not included in the losses measured 
when the machine is open-circuited. The stray losses are not 
important in slow-speed salient-pole machines, but are from 
two to five times the copper losses in a large high-speed alter- 
nator. Stray losses cannot be calculated accurately, but must 
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be estimated from tests on machines similar to the one for 
which a design is being calculated. 

86. The curve in Fig. 40 shows average eflSciencies of 
alternators ranging in capacities from 600 to 11,000 kilovolt- 




2000 4000 6000 800O 10000 

KMA.Outpufat P.F.3 
Pig. 40 

amperes at .8 power factor This curve gives a fairly good idea 
of what may be expected from well-designed machines. The 
efficiency is based on losses in the machine alone, no bearing 
losses being included. 

MECHANICAL DESIGN 



STRESSES IN ROTOR STRUCTURES 

87« The rotating parts of alternators should usually have 
little weight beyond that necessary for the required strength. 
The shaft as well as the stator yoke must be as stiff as is prac- 
ticable. The yoke must not sag appreciably tmder the weight 
of the armature core and windings; it must, also, be strong 
enough to withstand the stresses occasioned by handling during 
manufacture and assembly. These stresses must also be con- 
sidered in connection with the rotor spider; in fact, slow-speed 
rotors in service are seldom subjected to stresses greater than 
those met with during shop handling. 
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Machines direct-connected to high-speed water turbines, 
however, must be designed to withstand the excessive stresses 
that will be caused if the governor fails to work properly and 
allows the turbine to race. Such accidents are not common, 
but they sometimes happen when the load is suddenly removed 
from the alternator and the governor fails to shut off the water 
promptly. 

88. The relation of centrifugal force to rotative speed is 
illustrated by the fact that a 1-potmd weight revolving at 
1,800 revolutions per minute with a velocity of 20,000 feet per 
minute is acted on by a centrifugal force of 2,000 pounds. The 
centrifugal force acting in any revolving body depends on the 
weight of the body, the radius of revolution, and the square 
of the number of revolutions per minute; that is, 

F^.OOOMWRn^ 

in which F= centrifugal force, in potmds; 
W= weight, in pounds; 
i?= radius of revolution, in feet; 
n= number of revolutions per minute. 

Example. — If the field structure of an alternator rotates at 300 revolu- 
tions per minute and its poles, weighing 65 pounds each, have centos of 
gravity 20 inches from the center of revolution, calculate the centrifugal 
force acting on each pole. 

Solution.— In the formula, pr=65, l? = 20-^12«i, and n»300; 
F-.00034X65xix300»=3,3151b. Ans. 

89. To calculate the centrifugal force acting on the parts 
of a machine, the weight of each part and the distance of its 
center of gravity from the center of revolution are determined, 
and the formula then applied for the desired speed. When 
designing an alternator, the dimensions of the parts are first 
tentatively determined and sketches of the outlines are made. 
The volume of each part in cubic inches is then calculated and 
multiplied by the weight per cubic inch of the material to obtain 
the weight of the part. If the sketches are accurately laid 
out to scale, the center of each part can be located with reason- 
able accuracy and its distance from the center of revolution 
scaled off. 
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SALIENT-POLE BOTOB8 

90. Figs. 41, 42, and 43 are sketches of those parts of a 
salient-pole rotor on which centrifugal force acts most strongly. 
The reference letters appearing in more than one of these 
figures have the same signification in each. The construction 
is typical of many alternators, namely, laminated poles dove- 




Pig. 41 



tailed into a cast-steel spider and held by wedges. The approx- 
imate centers of gravity are indicated by black dots near the 
center of each part, and the radii of revolution are indicated 
by Rp for the pole only and also for the pole with field coil 
and coil wedges, Re for one side of the coil, Rpd for the pole 
dovetail with its holding wedge, 7?, ^ for the spider dovetail; and 
by Rr for the spider rim. When the dimensions indicated in 
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Fig. 42 



the sketches are known, the centrifugal forces can be calculated 

for any number of revolu- 
tions per minute. 

91« The chief stresses 
that will act on the struc- 
ture indicated in Fig. 41 
will be those tending to 
separate the pole from the 
rim, to break the comers 
off the pole tip, and to dis- 
tort the shape of the coil. 
To ascertain what these 
stresses will be, the follow- 
ing centrifugal forces must 
first be calculated, after 
which the stresses tending to break or distort the parts can be 
determined: 

Fp acting on the pole" only, without dovetail or field coil; 
Fpd acting on the pole dovetail and holding wedge; 
Fc acting on the field coil and the coil washers combined; 
Fi acting per inch mean length of field turns; 
F,d acting on the spider dovetail; 
Fr acting on the spider rim; 
Ft acting on the pole complete with dovetail and coil = (Fp 

+ Fpd+Fc)\ 
Ft tending to separate the 
spider dovetails from the 
rim = number of poles 
(F,+ F.,). 

92. Fig. 42 is an enlarged 
outline drawing of one pole with 
its coil, dovetail, and wedge; 
Fig. 43 shows the shape of a coil. 
Angle A, Fig. 41, at the spider 
dovetail is chosen according to 
the designer's experience; it is 
here shown as 60°, which is a conservative value. Angle B 



Lri 



'^^ 



* <i 



— #«— 



Pig. 43 



Digitized by 



Google 



§ 62 ALTERNATING-CURRENT MACHINES 



65 



between the center lines of a pole and the adjacent spider dove- 
tail is always 360° -^ 2 X the number of poles. Angle C between 
the center line of a pole and the center line of one side of its 
coil can be found in a table of natural sines when the perpen- 
dicular distance a, Fig. 42, from the center of one side of the 
coil to the center line of the pole, and the radial distance Re 
are known, because sin C=a4- /^c- Knowledge of these angles 
and of the forces listed in Art. 91 is essential in order to cal- 
culate the sti^esses. In the stress formulas to follow the dimen- 
sions referred to are in inches and the stresses are calculated 



TABLE rn 

AVERAGE STRESSES IN METALS USED IN ALTERNATORS 





Stress in Pounds per Square Inch 


Material 


Permissible 
Working 


Elastic 
Limit 


Ultimate 
Strength 


Cast steel 


I2,000 
14,000 
14,000 
30,000 
10,000 
18,000 


35»ooo 

40,000 

40,000 

100,000 


80,000 


Steel ptmchings 


80,000 


Steel f oreringfs 


80,000 


Chrome vanadium steel — 
Bronze 


120,000 
50,000 
90,000 


Steel forgings, oil-tempered 



in pounds per square inch. If the stresses thus found exceed 
the values given in Table III, changes must be made to make 
the design safe. 

93. The parts most likely to break are as follows: 
1. The comer may part from the spider dovetail so that the 
broken section will have the dimensions cic, Fig. 41. If fc is 
a dimension indicated in Fig. 42, the stress, or bending moment, 
tending to break the comer off the spider dovetail is 



3^6 



•^CCi — " 



(1) 



cr c 



Digitized by 



Google 



66 DESIGN OF § 62 

2. The whole spider dovetail may be broken off in a sec- 
tion c dy Fig. 41, the stress being 

E, , F«cos (i4 — S) 
t'td-y 

5,,= ^ (2) 

cd 

3. The pole dovetail may break along its smallest section 
with dimensions ce. The pole is laminated and the ratio of 
the net iron parallel with the shaft to the gross iron varies 
from .9 to .95. If this ratio is represented by n, the stress 
tending to break the dovetail from the pole is 

5^,=^£±Zf (3) 

nee 

4. The pole tip may break off along the dimension /, the 
stress, or bending moment, here being 

^ 6Fi<cosC ,.v 

Sf ^ (4) 

5. The coil sides may arch outwards into the form indicated 
by dotted lines, Figs. 42 and 43. If the stress tending to cause 
this distortion exceeds 3,000 pounds per square inch, the coil 
sides are generally stiffened by retainers. With coil dimen- 
sions / h hf Fig. 43, and angle C, Fig. 42, this stress may be 
calculated by the formula 

/_F^^nC 

6. The rotor rim is subjected to stress tending to cause it 
to part in a section c g at the root of a dovetail slot. This 
stress is 

S.-^ (6) 

2'ircg 



STEAM TUBBO-R0TOB8 

94. ^ The rotors of steam turbo-alternators operate at very 
high normal speeds, and their mechanical design must receive 
careful attention in order that the internal stresses shall not 
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exoeed safe limits. These stresses are kept low by making the 
diameters small and the rotors long in comparison with machines 
operating at slower speeds. 




Pig. 44 



In Fig. 44 (a) is shown part of a cross-section and in (6) part 
of a longitudinal section of a cylindrical rotor such as is com- 
monly used in turbo-alternators. The windings are embedded 
in slots, except at the ends, where the projecting coils are held 
in places by rings. A section of one of these rings is shown in 
view (6) with dimensions a b. After determining the approx- 
imate dimensions and calculating the weights, the centrifugal 
forces can he calculated by the formula in Art. 88, the letter C 
being here used instead of F. 



Ct acting on 1 inch length of a rotor 
tooth; 

C, acting on 1 inch lengtfi of slot con- 
tents, including wedge; 

Ce acting on 1 inch length of total rotor 
core, including teeth and slot con- 
tents; 

Cf acting on all the windings projecting 
at one end of the core; 

Cr acting on one of the rings holding 
the coil ends. 



r. 



Jil ^t 




|PlG.4ft 



96. After determining these centrifugal forces, their efifect 
in causing stresses tending to break or distort the structure 
can be calculated by substituting the forces in poimds, and the 
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dimensions referred to in the formulas arc indicated in Figs. 44 
and 45. The stresses thus calculated are in pounds per square 
inch, and they should not exceed the limiting values given in 
Table III. 

1. The stress tending to burst the holding ring along a 
section a 6 is 

2x00 

2. The tensile stress Sc tending to break each rotor tooth is 

X 

3. The stress Sd tending to burst the rotor core is 

5.=/^ (3) 

2 iry 

4. The stress So tending to arch the wedge outward at its 
center is 

5. The stress S, tending to shear the comer off the wedge 
along the line 5 5 is 

5. = ^ (5) 

6. The bending stress 5 6 acting in the section 5 5 is 

5»=i-5-^ (6) 

7. The combined bending and shearing stress Sot acting in 
the section s s is 

5o. = .355fc+.65V5^6+2T35^. (7) 



ROTOR BEARINGS AND SHAFTS 

96. The length of a bearing is usually made from two and 
one-half to four times the diameter. The projected area of a 
bearing is the product of the diameter and length. The 



Digitized by 



Google 



§ 62 ALTERNATING-CURRENT MACHINES 69 

dimensions should be selected so that the pressure per square 
inch of projected area will not exceed 70 pounds with rubbing 
velocities below 1,500 feet per minute, and proportionately less 
for higher velocities. 

97. After the bearing sizes have been determined and the 
distance between centers of bear- 
ings is settled, the diameter of the 
shaft between the bearings can be 
estimated. This diameter is gen- 
erally chosen so that the deflection « "'' 
of the shaft with the rotor will not 

exceed 8 per cent, of the air gap; a deflection of one-half this 
maximum is better practice. 

In Fig. 46. a and b represent centers of bearings, ci and c the 
distances in inches from these centers to the central point of the 
rotor weighing Wr poimds, and / the total distance in inches 
between bearing centers =ci+c. 

Let d= diameter of a steel shaft, in inches: 

3/= deflection of shaft, in decimal part of single air gap; 
/p = single air gap, in inches. 



Then. d^-y j "'-^'^ (1) 

If the center of the rotor is midway between the bearing 

centers Ci=c=-, the formula reduces to 
2 



'-4 



WrP (2) 



WX22 ylg 

Note. — ^The fourth root of any quantity may be obtained by taking 
the square root of that quantity and tfien the square root of this result. 
For example, ^^56-16; Vi6=»4; and 4X4X4X4=16X16=256. 

Example. — ^The shaft of a horizontal turbo-alternator is carried in 
bearings with centers 6 feet 5 inches apart. The rotor weighs 3,050 pounds 
and is moimted so that its center is half way between the bearing centers. 
The air gap, or clearance, is f inch. Calculate the diameter of a steel 
shaft for 3i per cent, deflection. 
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Solution.— In the formula Wr- 3,060, 3r-.035, 6-.Q25, and /-77. 
Then, ^ 

,050X77X77X77 ^^^ , ^a • * 

, ^ ^ — — — — -—-7.36, nearly, or, say, 7t in. Ans. , 
10*X22X.035X.626 /.»/»■ 

98. Critical Idpeed. — ^Every shaft with its rotor has a 
certain natural rate of vibration; that is, if the shaft receives a 
blow it will vibrate like a string of a musical instrument at a 
certain definite rate, which is determined by the length and the 
stiffness of the shaft and the weight of the rotor. When oper- 
ating, the weight of the rotor causes the shaft to bend to and 
fro for each revolution. If the speed of the rotor is changed, the 
rate at which the shaft is subjected to this bending is also 
changed; when the rate of this impressed bending is equal to 
the natural rate of vibration of the rotor, the dfect will be 
cumulative and the vibrations may become violent enough to 
destroy the machine. The speed at which such phenomena 
occur is called the critical speed of the rotor. 

The critical speeds of dow- and moderate-speed machines 
need not be considered in designing, for these speeds are nearly 
always far above the normal speeds. In designing turbo- 
alternators, however, care must be taken to select a shaft 
diameter of which the critical speed is not within 20 per cent, of 
the normal operating speed. The critical speed of a steel shaft 
for a tiurbo-altemator can be calculated by the formula 

^ _^ 1,570,000(P 
VwrP 
in which Ne= critical speed in revolutions per minute, and the 
other letters have the meanings given in Art. 97. 

For example, a shaft 6 inches in diameter, 60 inches long, 
with a load Wr = 10,000 pounds has a critical speed in revolutions 
per minute 

,, 1,570.000X6X6 - ^,. . ^, 

Ne = = 1 ,215, approximately 

V10,000X60X60X60 
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DESIGN OF ALTERNATING- 
CURRENT MACHINES 

(PART 2) 



GENERAL METHOD OF DETERMINING 
ARMATURE DIMENSIONS 

!• In design of any kind careful preliminary consideration 
of several possibilities is required. A general comparison of 
the merits of these possibilities will usually indicate the most 
desirable to be selected for investigation in more detail. The 
design of an alternator is worked out most satisfactorily if 
approximate dimensions of several possible machines are first 
determined and their probable performances calculated. The 
most promising design can then be chosen and more accurate 
calculations made. The basis for determining the dimensions 
is the general formula 

4.44 <p rp/fe«_ 2.22 Zp/ife„ 



£p = 



10* 10* 



in which £p = effective volts per phase; 

^ = flux per pole; 
Tp = turns per phase ; 
Zp= conductors per phase = rpX2; 
/= frequency; 
ky, = distribution factor. 

2. In order to use this formula for the purpose indicated, 
it must be changed so that it contains quantities all of which, 
except the dimensions to be determined, are known or can be 
assimied from experimental data on similar machines. 

COFYRiaMTCO BY INTKRNATIONAI. TEXTBOOK COMPANY. ALL RiaHTS RBBCRVKO 
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DESIGN OF § 63 

Let P= watts output; 
m=number of phases; 
/p= current per phase; 

By = average number of lines of force per sqtiare inch in 
the air gap; 
(/= diameter of armature face, in inches; 
/= number of inches of laminated steel core parallel to 
shaft; 
%= fractional part of armature siuface covered by pole 

faces, or ratio of pole arc to pole pitch; 
^=number of poles; 

AT = ampere-conductors per inch of armature periphery; 
S= revolutions per minute. 
Then, P^mEpIp (1) 

0^%lAl?l (2) 

P 

K=^^^^^^SLndmZpIp^Kird (3) 



xd 



/=-^- (4) 



These four formulas can be combined with the formula of 
Art. 1 as follows: 

P=^/,x 1 ^2_ 

10» 
^ 2.22 %irdlBtmZpIpS k„ 
10«X120 
2.22 %rdlB,KTdSk„ _ %<PlB,KSk^ ,g. 

10«X120 5.48X10* 

3. Values of %, B„, and K can be assumed from experi- 
mental data, k„ is fixed by the type of winding chosen, and P 
and 5 are specified. The value of <?/, usually called the 
cylindrical inches, can then be calculated by transforming for- 
mula 5 of Art. 2f thus: 

5.48X10»P 



d»/=- 



%BgKSky, 
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§ 63 ALTERNATING-CURRENT MACHINES 3 

If either J or / is known, both annature dimensions are now 
fixed. For example, if the armature is to be made of existing 
punchings d inches in diameter, the total length of the lami- 
nated core must be (P l-¥(P. The net length of steel is usually 
taken as from 88 to 90 per cent, of the total length. 

If neither the diameter nor the length are fixed by the con- 
ditions, a diameter should be chosen so that the length / will 
be from .75 to 1.5 times the pole pitch. If the length is much 
greater than this, the poles become very long (parallel with the 
shaft) and narrow, thus making the periphery of the pole cores 
tmnecessarily long and requiring a correspondingly increased 
weight of field copper. Long, narrow poles also have large 
field leakage. The diameters of turbo-alternator armatures 
are limited by the maximum peripheral speed permissible for 
the rotor, and if the output is large, long armatures with corre- 
spondingly long poles are tmavoidable. 

4. Output Coefficient. — ^A convenient expression in the 

discussion of alternator design is output coefiicient, meaning 

ihe number of cylindrical inches per kilowatt per 100 revolutions 

per minute. The number of kilowatts per 100 revolutions per 

^ 100 JC w 

minute is AT. H^.-s , or ^ — ^, and the output coefiicient 

100 S 

. «, 100 a:, ly. dUS 

IS a* /-5 , or 



By the formula of Art. 3, rf«/5= ^/^ . Then, 

100 <f /5 ^M8xigixigop^ 5.48X101^^V^ ^ ,^^ 

1,000 %B,A:Jfe„Xl,000 %B,KK 

output coefficient ^.^5 ^ 5.48X10» 

VifSK.W^%B,Kh. 

5. Possible values of %, B„ K, and k„ were given in Design 
of AUemating-Curreta Machines, Part 1. If %= .7, B, = 48,000, 
AT =600, and ft. = .96 (three-phase, three slots per pole per 
phase), the output coefficient will be 

d^lS 5.48X10* 



lOOK.W. .7X48,000X600X.96 



—=283 
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4 DESIGN OF § 63 

If an alternator having 283 cylindrical inches per kilowatt per 
100 revolutions is to be built for 500 kilowatts at 200 revolu- 
tion^ per minute and armature punchings having 90 inches 
internal diameter are to be used, the net length of the arma- 
ture core parallel to the shaft can be calculated as follows: 

902X/XJW0^283 
100X500 

, 283X100X500 ^ .^ 03 • t, 

/= — =8.73, or, say, 8f mches 

90X90X200 

6» Values of Output Coefficient. — For a given output 
and speed, the cylindrical inches, dP- /, which are a measure of 
the size of the armature, depend on the values of the quantities 
*w, %, Bg, and K, The value of k^c is nearly constant, since it 
depends merely on the arrangement of the armature coils; 
the pole arc cannot be made much over 75 per cent, of the 
pole pitch without causing a large amount of magnetic leak- 
age and crowding of the field windings; also 5^ cannot be 
increased beyond a certain amount for reasons previously 
given, but the number of ampere-conductors per inch K admits 
of some variation, and the greater this ntmiber the smaller 
will be the armattu-e. However, if iC is made too large the 
machine is liable to overheat, and it can be made high with 
safety only when the ventilation is good. 

A machine with a large nimiber of ampere-conductors per 
inch has a low output coefficient and may therefore have a small 
armature, but it must contain a relatively large amount of 
copper. In ordinary polyphase alternators, the output 
coefficient usually lies between 200 and 600, the lower limit 
being for machines operating at high peripheral speed, having 
usually good ventilation, and designed wth a relatively large 
amoimt of copper. In single-phase machines, all the armattu'e 
surface is not utilized, and the output coefficient usually lies 
between 500 and 900. 
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§ 63 ALTERNATING-CURRENT MACHINES 



DESIGN OF 5, OOO-KILOVOLT. AMPERE 
SALIENT-POLE ALTERNATOR 



SPECIFICATIONS 

7» Let it be assumed that a three-phase alternator is to 
be designed to conform to the following specifications: 

Maximum continuous capacity in kilovolt-amperes, 5,000. 

Power factor, 80 per cent. 

Speed in revolutions per minute, 300. 

Phases, 3. 

Normal terminal voltage, 6,600. 

Amperes per terminal at full load and at 100 per cent, power 

factor, (A^-:^-)=438. 
\V3X 6,600/ 

Frequency, in cycles per second, 60. 

Alternator will be excited by a separately-driven exciter with a 
full-load voltage of 120. 

The exciting current will not exceed 385 amperes, when gener- 
ator carries its maximum rated load of 80 per cent, power 
factor. 

Regulation: When 438 amperes per terminal at 80 per cent, 
power factor, is thrown off, the terminal voltage must not 
rise more than 30 per cent. 

Temperature: With air temperature 30° C, the alternator 
must be able to carry continuously 438 amperes per ter- 
minal at normal terminal voltage and a power factor of 
80 per cent, without developing in its hottest part a maxi- 
mum temperature of over 90° C. 

Field Winding: The field winding is to be made of copper 
strip wound on edge. The insulation of the field winding 
to ground will be subjected to an insulation test of 1,500 
volts, alternating current for 60 seconds. 
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6 DESIGN OF § 63 

Armature Coik: The armature coils must be form wound, 
interchangeable, and carefully insulated with the very best 
materials. The insulation of the armature winding from 
the core will be subjected to an insulation test of 13,200 volts 
alternating current for a period of 60 seconds. 

Efficiency: The generator must have an efficiency at 80 per 
cent, power factor of not less than 95i per cent, at a maxi- 
mum-load current, at 100 per cent, power factor, 6f 438 
amperes per terminal, 96 per cent, at three-quarter load, 
and 93J per cent, at half load. These efficiencies are 
calculated from the core loss, armature and field copper 
losses, and the windage and friction losses. 

8. General Construction. — ^The generator is to be of the 
revolving field type for direct connection to two horizontal 
waterwheds. The rotor must be designed for a runaway speed 
of 500 revolutions per minute. 

The stator is to have open slots, and must have shields to 
protect the parts of stator coils that project beyond the stator 
core. The stator coils, under normal operating conditions, must 
be able to withstand a short circuit at terminals, without being 
deformed. 

The design of the alternator is to include the stator, the rotor, 
and the rotor shaft. The base and bearings will be supplied 
by the turbine builder, who will determine the size of the bear- 
ings to support the rotor and the two waterwheds, one of which 
is to be mounted at each end of the shaft. 



ARMATURE DESIGN 



GENERAL DIMENSIONS 

9. In order to determine the core dimensions, the cylin- 
drical inches are first calculated by the formula of Art. 3. The 
value of % for such a machine can be taken rather high, say 
.75] Bg should be fairly low, say 37,000; the ampere-turns per 
inch K can be taken at 1,140, and k^ for three slots per pole 
per phase will be .96. Then, 
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§ 63 ALTERNATING-CURRENT MACHINES 7 

^, 5.48X10*X6.000,000 onAnnA ..I 

{?/= —^ =300,000, approximately 

.75X37,000X1,140X300X.96 

The rotor spider will be made of a steel casting, and with 

such a rotor the peripheral speed can be between 8,000 and 

9,000 feet per minute. The peripheral speed is calculated by 

multiplying the circumference in feet by the ntmiber of revo- 

vd 
lution» per minute. If d is taken at 105 inches, — X300 

12 

= 8,250 feet per minute, which is satisfactory. Then, 

/ = '- = 27.2 inches. The axial length of the core will, 

105X105 

therefore, be taken as 27 inches. Between the core and each 
end plate will be a 1-inch air duct, making the distance between 
end plates 29 inches. The core will contain eight i-inch ven- 
tilating ducts totaling 4 inches and leaving 23 inches gross 
steel and approximately 23 X. 88 =20.2 inches net steel. 

10« The number of poles is determined by the specified 

speed and frequency, because /= -; therefore, p= 

H j^» ^120 ^ 300 

= 24. Three slots per pole per phase for a three-phase machine 
makes 72 slots per phase, and a total of 216 slots. As the arma- 
ture coils must be interchangeable, a two-layer winding will 
be used. 

11» Assumed Flux per Pole. — A trial, value for the flux 
per pole is calculated by estimating the pole-face area and multi- 
plying it by the density that has been found good practice. 
The length of the pole face can be a little less than that of the 
armature, or, say, 25.5 inches. If the outer diameter of the 
rotor is taken as 105 inches, the same as the inner diameter of 

the stator, the pole pitch will be '■ = 13.74 inches, 

and the pole arc will be 13.74 X. 75 = 10.3, or, say, 10.25 inches, 
nfiaking %=.746. The area of the pole face is, therefore, 
approximately 25.5X10.25=261 square inches. With an 
assumed flux density of 37,000 lines per square inch, the total 
flux per pole is approximately 9,670,000 lines. 
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8 DESIGN OF § 63 

12. Number of Conductors. — In the general formula of 
Art. 1 all the quantities are now known except Ep and Zp. 
The value of Ep will depend on the connection of the phases, 
which in this case will be made star, making £p = 6,600 -r--^ 
=3,815 volts. By transforming the general formula and sub- 
stituting the values of known quantities, 



Z, = : 



KfiEp 10»X3.815 



2.22 0fK 2.22X9,670,000X60X.96 
=309, approximately 

But the number of conductors per phase must be an even 
multiple of the number of slots per phase, 72, and 288, the multi- 
ple nearest 309, will be used, making four conductors, or two 
tiUTis per slot and 144 turns per phase. The actual number of 
ampere-conductors per inch inside periphery of the armature, 
^^ 288X438X3 ^^^^^ 
3.1416X105 ' 

13. Winding Pitch.— With 216 slots and 24 poles, full- 
winding pitch requires that each coil span 216^-24=9 slots. 
In order to make it easier to install the coils as well as to 
reduce the length of coil ends and improve the wave shape of 
the electromotive force when the machine is loaded, the coils 

8 
will be made to span 8 slots, making the winding pitch -, or 

89 per cent., of full pitch. According to Fig. 6 of Design oj 
Alternating-Current Machines , Part 1, the pitch factor /?o=.982, 
requiring still further increase in the flux first assumed. 

14. Actual Flux per Pole. — ^When the factor ko is intro- 
duced in the general formula and the formula is transposed 
to find the value of the flux per pole, it becomes 



<P= 



108 fip _ 10»X3,815 



^A4:Tpfk^ko 4.44 X 144 X 60 X. 96 X. 982 
= 10,500,000, approximately 
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§ 63 ALTERNATING-CURRENT MACHINES 



ARMATURE SLOT DIBAENSIONS 

16« The slot width is determined by the fact that enough 
metal must be left in the teeth to keep the flux density within 
safe limits. This density may be taken as 95,000 Unes per 
square inch^ There are 9 slots (and teeth) per pole, 74.6 per 
cent, of which, or 6.7 teeth, are covered by the pole face. The 
total flux per pole divided by the product of 
the nimiber of teeth under the pole face, the 
net length of steel in the teeth, 20.2 inches, 
and the allowable density gives the tooth 
10,500,000 



width, or 



6.7X20.2X95,000 



- = .817 inch. The 



, ^ .^ , ^ 105X3.1416 . .« . , ^, 

slot pitch /o= = 1.53 mches; there- 

216 

fore, the slot width is 1.53 -.817 = .713. As 

95,000 lines per square inch is a comparatively 

low density, slot width can safely be increased 

to .75 inch, thus leaving 1.53 -.75 = .78 inch 

width of tooth root and increasing the density 

817 
to ^2— X 95,000 =99,500 lines per square inch. 

16. The slot depth must be sufficient to 
hold conductors that will keep the temperature 
below the maximum limit, 90° C. The core 
temperature rise should not exceed 40° C, and 
this added to 30° C, the specified air tempera- 
ture, gives 70° C. outside the coil insulation. 
The excess temperature inside the insulation 
cannot, therefore, be more than 90—70 

P»0 
=20° C. The formula T=-- — can be used to determine the 

.003 

allowable watts per square inch P, for the temperature differ- 
ence r=20° C. by assuming the thickness of insulation = .19 




Fig. 1 



for 6,600 volts. 



Then.P. = -M><^=.316. 
.19 
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10 DESIGN OP §63 

17. Each slot contains four conductors, which will be 
arranged four deep in the slot as shown in Fig. 1, each con- 
ductor consisting of four strands. The number of amperes 
per sqtiare inch of conductor cross-section may be assumed as 
18,00 and the section must, then, be 438 -hi, 800 =.243 square 
inch. The slot width is .75 inch, and about .38 inch of this 
will be occupied by insulation, leaving .37 inch for copper. 
The depth of copper must be approximately .243 -5- .37 
= .657 inch. The dimensions .37 X. 657 are unusual, and, 
moreover, the eddy-current loss in so large a conductor would 
be considerable. Each of the four strands of the conductor 
will be .18 inch X .35 inch, arranged as in Fig. 1. 

The insulation above and below each pair of conductors 

forming a side of a coil will occupy about .21 inch, and the 

total depth required for the four insulated conductors will be 

D=4X2X.35+(4X.21)=3.64 inches. The kiloampere-con- 

ductors per inch of armature periphery, fea= 1.147, the slot 

pitch fc=1.53, the kiloamperes per square inch of conductor 

438 

section /*= =1.738, and the slot width W 

4X.18X.35X1,000 

= .75. Then, the actual nimiber of watts per square inch of 

.395 ka to Ik .395X1.147X1.53X1.738 



conductor surface is P, =- 



W+D .75+3.64 



= .275, and 7=^ = :275X19 ^ ^^^o q ^^^ j^ ^^ 2.6° C. 

.003 .003 
below the maximimi allowable temperature difference, showing 
that the assumptions are correctly made. 

The slot stick will require a space of .21 inch, making the 
total slot depth 3.64-|-.21=3.85 inches. 



fiTATOR-CONDUCTOB INSULATIONS 

18. The insulation on the slot portions of the stator con- 
ductors is indicated in Fig. 1 and Table I. The complete insu- 
lation is as follows: 

1. Double-cotton covering on each strand. 

2. Each four-strand conductor is taped all aroimd the coil 
with half-lapped varnished cloth a. 
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3. The two conductors in each layer are bound together 
with cotton tape b. 

4. One turn of mica insulation c is placed around the slot 
portion of the coil. 

5. One layer of half-lapped varnished cloth d is wrapped 
arotmd the full length of the coil. 

6. The coil is then impregnated by the vacutmi process. 

7. Six layers of half-lapped varnished cloth e are wrapped 
arotmd the full length of the coil, and two extra layers are 
wrapped arotmd the coil ends outside the slots. 

8. The coil is again impregnated by the vacutim process. 

9. One layer of half-lapped cotton tape is wrapped on the 
coil ends. 

10. One turn of .013-inch fish paper / is placed around the 
slot portions of the coil. 

11. The slot portions are hot-preSsed to exact form and size. 

TABLE I 

THICKNESS OF INSULATION AND APPARENT DIELECTRIC 
STRENGTH 



Insulating Materials on Bach Layer of Winding 



Cotton covering on strands 

One layer J-lap varnished cloth on conductors 

One layer cotton tape 

One layer mica insulation 

One layer J-lap varnished cloth 

Six layers J-lap varnished cloth 

One layer fish paper 

Total 



Thickness 



Width Depth 



.034 
.024 
.012 
.040 
.024 
.144 
.026 

.304 



.068 
.024 
.012 
.060 
.024 
.144 
•039 
.371 



Dielectric 
Voltage 



600 
4,500 

19,000 
4,500 

20,000 
4,200 

52,800 



19. The dielectric strength, 52,800, divided by the specified 
puncture test, 13,200, gives the factor of safety of the arma- 
ture insulation 4. The connectors between coils will be wrapped 
with eight layers of half -lapped varnished cloth and then one 
layer of cotton tape. After the stator is wound, two coats of 
insulating varnish will be applied to the coil ends. 
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20. The thickness of insulated coils is .36 + .304 = .664 inch, 
leaving an allowance of .75— .664 = .086 inch. The depth of 
insulated copper in the slots is 4 X. 7 +2 X. 371 =3.542 inches, 
leaving an allowance of 3.64— 3.542 = .098 inch. These allow- 
ances are in accordance with good shop practice, for the coils 
can be placed in the slots without undue crowding. 



Sfotor 



ARMATURE CORE SECTION 

21. The depth of steel in the core must be enough to carry 
the flux at a safe density, say 60,000 lines per square inch. The 
flux from each pole divides, so that the core section carries one- 
half of it each way, or 10,500,000-5-2 = 5,250,000 Unes of force. 

The sectional area must, there- 
fore, be approximately 5,250,- 
000-7-60,000 = 87.5 square 
inches. The net axial length 
of the core is 20.2 inches, and 
the depth of steel imder the 
slots must be 87.5 -^ 20.2 = 4.33, 
or, say, 4.4 inches. 






^ 



t" I ' i' 






> 



1^ 



22. Pig. 2 is an outline of 
part of the rotor and part of 
the stator. The slot depth 
has been foimd to be 3.85 
inches, and the radial core 
depth under the slots 4.4 inches ; 
the total radial core depth is 
3.85+4.4 = 8.25 inches, and the outside diameter of the stator 
core is 105-1-2X8.25 = 121.5 inches. The laminations will be 
made in 18 segments having 12 slots each; they will be punched 
from .014-inch plates and will be varnished or japanned. 



Rotor 
Pig. 2 



AIR GAP 



23. The air gap must be long enough radially so that the 
number of field ampere-turns per pole required to establish 
the flvix in it is at least 1.4 times the number of armature 
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8,361 



.313 S, 
- = .722 inch, the min- 



h 1.64' *j 



ampere-turns per pole. In the machine considered, the con- 
stant 1.5 will be used. / Tp^. 707 m rpp/p=. 707X3X6X438 
= 5,574, and the number of gap 
ampere-turns per pole must be 7 T^ 
= 1.5X5,574 = 8,361. The ratio 1.5 
is low, but it can be used here be- 
cause of the low-regulation guaran- 
tee in the specificat^'^ns. The length 
of air gap thus calculated is often 
greater than is reqtiired for mechan- 
ical clearance. 

The density in the air gap Bg has 
been assimied (Art. 9) at 37,000 lines 

per square inch, and l„ = - " 



A 



—t.53' 



1?^ 



7F^ 



¥ 



-.0^ 



371 



^^ 



ir 



Pig. 3 



.313X37,000 
imum length of the effective air gap 
necessary to secure the specified 
regulation. The pole face will be 
chamfered to improve the flvix distribution, and the actual air 
gap will be made .625 inch at the center and .74 inch at the tip, 
the average being .68 inch. 

24. The effective air gap is calculated by the formula 
s 



I'M 



i+- 



.i+fe'- 



/„ in which the slot dimensions are as shown in 



Fig. 3; s = .75, / = .78, i= — = 1.1, /, = .68. and by the curve 
/, .68 

given in connection with the discussion of effective air gap in 

Design of Alternating-Current Machines, Part 1, k'=.S. Then, 

/',=( ^^ |X.68=^^X.68=.753inch. 

' .75/ 1.77 



a+-8x 



78^ 



Digitized by 



Google 



14 



DESIGN OF 



63 



MAOKBTIC CIRCUIT 

26. Pole Cores.— The useful flux per pole is 10,600,000 
lines of force, and for preliminary calculations the leakage 
coeflScient can be assumed to be 1.3, making the total flux 
1.3X10,500.000=13,650,000 lines. The pole will be lami- 
nated, and the flux density may be assimied at 95,000 lines per 
square inch, requiring a pole section of 13,650,000 -^ 95,000 
= 144 square inches. 




The length of the pole parallel to the shaft has been taken 
at 25.5 inches (Art. 11). Each lamination will be t^ inch 
thick, and the net steel may be taken as 93 per cent, of the pole 
length, or .93X25.5 = 23.7 inches. The width of the pole, or 
the pole waist, must, therefore, be 144 -^ 23.7 =6.08, or, say, 
6 inches. 

For this type of machine the radial length of the pole cores 
is usually from 1 to 1.5 times the waist. It will here be taken 
at 7]^ inches, or approximately 1.22 times the waist. 
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§ 63 ALTERNATING-CURRENT MACHINES 15 

26. Spider Rim. — The spider rim must be at least 
5.875 inches thick in order to be strong enough mechanically. 
Its width parallel to the shaft will be 25.5 inches, and the area 
across which the flux must pass will be 5.875X25.5 = 150 square 
inches. This section carries one-half the flux in the pole core, 

and the density is, therefore, — *- — = 45,500 lines per square 

2X loO \ 

inch, which is lower than is necessary in steel for purely mag- 
netic reasons. 

27. Leakage Flux. — The leakage flux is calculated by the 
formula 0t^S.l9 X \(^+—yL+3.2 hk+6A2 h' k'\ in 

which the quantities have the following values, dimensions 
being in inches, as indicated in Fig. 4. The distance across 
the pole tip A' = .75 ; the distance between pole tips a' == 3.25 ; the 
length of space available for the insulated field coil is A = 7A; 
the distance between poles at their centers is a =6.32; the axial 
length of the pole L = 25.5; the thickness of the pole waist is 
te;=6 inches; the chord of the pole arc is «/ = 10.25; the ratio 

- = =.95, the ratio — = =3.15, and by the curve 

o 6.32 a' 3.25 

in Design of Alternating- Current Machines, Part 1, under the 

heading Field Leakage, the values of k and k' for these ratios 

are, respectively, .4 and .76. .Then, 

^,=3.19 X r/i><:Z5^ 2X7.3125 \ x25.5+3.2X7.8125 
L\ 3.25 6.32 / 

X.4+6.42X.75X.76J =305 X 

When the number of ampere-turns X required to set up the 
useful flux through the air gap and stator teeth is known, the 
leakage flux can be readily calculated by this expression. 

28. Density In Air €^p. — The effective polar arc 

equals the actual arc plus k Igy in which expression the value of k 

.' pole pitch - pole arc 13.74—10.25 
depends on the ratio ^ — , or — 

Ig .68 
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16 DESIGN OF § 63 

= 5.13. By the ctirve for determining the effective polar arc, 
given in Fig. 25, Design of AlterncUing-Current Machines, 
Part 1, the factor k for the ratio 5.13 is 1.6. Then, klg = .68X 1.6 
= 1.09. The effective polar arc is 10.25+1.09 = 11.34 inches. 

The effective length of the pole face will be greater than the 
actual length, because of fringing of the lines of force, and may 
be taken as the actual length plus the actual air'gap, or 25.5+. 68 
= 26.18 inches. 

The effective area of the air gap will then be 11.34X26.18 
= 296.9 square inches, and the effective gap density will be 
10.500,000 



296.9 



=35,400, nearly. 



29. Density in Armature Teeth. — As shown in Fig. 3, 

the width of each tooth at the root is .89 inch and at the tip 

894- 78 
.78 inch. The average width is ^ — —-^ = .835. The net steel 

in each tooth parallel to the shaft has been found to be 

20.2 inches, and the number of teeth opposite each pole 6.7. 

The combined sectional area of all the teeth opposite a pole 

is 6.7 X .835 X 20.2 = 1 13 square inches, nearly. The density in 

. - ^ ^, . 10,500,000 ^o ,^ ,. . , 

the teeth is = 93,000 lines per square mch. 

30. Density in the Core. — ^The cross-section of the arma- 
ture core is the product of the depth, 4.4 inches, and the net 
length, 20.2 inches, or 89 square inches. As this section must 

carry half the useful flux, the density is — '- '- = 59,000 lines 

2X89 

per square inch. 

31. Leakage Coefficient. — The leakage flux has been 
found to be 305 X, in which expression X is the ampere-turns 
required for the air gap, which is 8,361 (Art. 23), plus the 
number required for the stator teeth. The average flux den- 
sity in the stator teeth is 93,000, and the length of the teeth 
is 3.85 inches. The laminations are annealed sheet steel, and 
Fig. 5 shows that for 93,000 lines per square inch, 40 ampere- 
turns are required per inch length of tooth. The number of 
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18 DESIGN OF § 63 

ampere-ttims for the stator teeth is, therefore, 40X3.85=154, 
and the value of X is 8,361+154 = 8,515. The leakage flux 
^, = 305X8,515=2,600,000 lines of force. The useful flux is 

10,500,000, and the leakage cx)efficient is 10>g00>000+2>600,000 

10,500,000 
= 1.248, instead of the value 1.3 assumed in the preliminary 
calculations. 

32. Densities in Pole Core, Shoe, and Spider Rim. 

The total flux per pole is 10,500,000+2,600,000 = 13,100,000. 
The dotted lines in Fig. 4 indicate the path of this flux. The 
spider rim carries all of it in two equal parts; the pole carries 
practically all of it, although the leakage increases along the 
path from the spider rim toward the armattu-e; the pole shoe, 
the air gap, and the sirmattu-e teeth and core carry only the 
useful flux. 
The sectional area of a pole core is 6X23.7=142.2 square 

inches, and the density in this section is — '■ '- = 92,000 lines 

142.2 

per square inch. 

The sectional area of the pole shoe perpendicular to the direc- 
tion of the flux is 10.25X23.7=243 square inches, and the den- 

.^ . ,,. ^. . 10,500,000 .^onnr • u 

sity m this section is =43,200 lines per square inch, 

approximately. 

The section of the spider rim carrying half of the total flux 
is 5.875X25.5 inches, or 150 square inches, and the density 

. ,^ . . 13,100,000 ^o^nni- • 1. 

in the run is = 43,700 lines per square mch. 

2X150 

33. Lengrth of Magnetic Circuit. — ^A drawing of the pro- 
posed design is now made to scale, as in Fig. 4, and the lengths 
of the parts of a magnetic circuit either calculated or measured 
on the drawing. In some cases it is much more convenient 
to use the scale measurements, since the calculations would be 
of a complicated nature. This complete circuit consists of por- 
tions of the spider rim and armature core, two pole cores, two 
air gaps, and twice the length of the teeth. 
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Length 
Part Inches 

Annature core ab 15.000 

Teeth 2 6 cor 2X3.85 7.700 

1 96 
Effective air gaps (Art. 24) are 2X— - 

1.77 

X.68(cd) 1.506 

Pole shoes 2 de, or 2X1.125 2.250 

Pole cores 2 ef, or 2X7.375 14.750 

Spider rim/g 11.500 



SATURATION CURVE 

84. A saturation curve showing the relation between excita- 
tion and volts in such a machine can be determined by cal- 
culating the ampere-turns needed for four voltages distributed 
over the useful part of the curve. The calculations for the 
machine tmder consideration are recorded in Table II. The 
terminal voltages for which calculations are made are 6,000, 
6,600, 8,250, and 8,910. The volts per phase and the flux 
per pole are calculated as indicated, the formula for being 
obtained by, substituting values already found in the formula 

0^-J^ '^^ 2,760£, 

4MTj,fk^ko 4.44X144X60X.96X.982 

The ampere-turns per inch are read on the curves, Fig. 5. 
Annealed sheet iron or steel is used for all the metallic parts 
of the circuit except the spider rim, which is tmannealed steel. 

35. The calculations thus made determine four points on 
the saturation curve A, Fig. 6, and these are plotted at /, j^, 
S, and 4\ ampere-turns per pole are indicated by the abscissas 
and terminal volts by the ordinates. The air-gap line can be 
determined by plotting the gap ampere-turns per pole for any 
voltage. For example, for 6,000 volts, the gap ampere-turns 
per pole are 15,200 -^ 2 =7,600; an abscissa of 7,600 and an 
ordinate of 6,000 determines the point 5 through which a straight 
line is drawn from the origin 0. The departtu-e of curve A 
from this line increases as the saturation of the steel increases. 
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TABLE n 
MAGNETIC CIRCUIT DATA 



General 





Terminal Volts E 




6.000 


6.600 


8,350 


8,910 


Volts per phase Ep^E 
-i-V^ 


3,470 
9,580,000 
11,960,000 


3,815 
10,500,000 
13,100,000 


4,770 
13,170,000 
16,400,000 


5,150 


^o 

Useful flux per pole (^ 
= 2.760 £d) 


14,200,000 


Total flux per pole = 
1.248 (p 


17,700,000 





Densities 



Air gap, 296.9 sq. in 


32,300 


35,400 


44,400 


47,800 


Teeth, 1 13 sq. in 


84,800 
53,800 


93,000 
59,000 


116,500 
74,000 


125,700 
79,800 


Armature core, 89 sq. in. . 


Pole shoes, 243 sq. in 


39,400 


43,200 


54,000 


58,400 


Pole core, 142.2 sq. in 


84,000 


92,000 


115,000 


124,000 


Spider rim, 150 sq. in 


39,900 


43,700 


54.700 


59,000 



Ampere-Turns 



Airgaps,2X.3i3X.753 5i; 

Teeth, per in 

Teeth, 7.7 in 

Armature core, per in 

Armature core, 15 in 

Pole shoes, per in 

Pole shoes, 2.25 in 

Pole cores, per in 

Pole cores, 14.75 in 

Spider rim, per in 

Spider rim, 11. 5 in 

Total per pair of poles 

Ampere-turns per pole . . . 




22,500 

600 

4,620 

20 

300 

8 

18 

575 
8,500 

17 
196 

36.134 
18,067 
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REOULATTON 

36. To ascertain whether the regulation will be within the 
specified limit, 30 per cent., with a power factor of 80 per cent., 
the short-circuit characteristic is first drawn. In the formula 

Ip = — ^ ^ , the field ampere- tiuns per pole 7/ T/ may be taken 

ke fit Tpp 

at any convenient number, say 12,000, the factor ke may be 
taken at .85, the number of phases m is 3, and the armature- 
turns per pole per phase is 6. Then, with 12,000 field ampere- 
turns per pole, the current with the armature short-circuited 
would be 

^ 12,000 .Q. 

/ = = 784 amperes 

.85X3X6 *^ 

In Fig. 6, a scale of amperes is indicated on the right-hand 
margin. Point 6 is located by the abscissa 12,000 and the 
ordinate 784, and a straight line S, representing the short- 
circuit characteristic, is drawn from the origin through this 
point. This line shows that for the full-load current, 438 
amperes, about 6,700 ampere-turns will be required when the 
armature is short-circuited. The saturation curve for any 
power factor and full-load current, therefore, starts at the point a 
representing 6,700 ampere-turns. 

37. Of the 6,700 ampere- turns per pole, the larger part, 
required to compensate for the armature demagnetizing ampere- 
tiuTis per pole, is determined by the formula 

D I Tp^.9 m Tpp Ip kto kokpSOia 

in which w=3, Tpp =6, /p=438, jfe«, = .96, *o=.982, the ratio 
pole arc to pole pitch = .746, kp = .775, and sin a may be taken 
as 1, because the short-circuit current will lag approximately 
90** behind the electromotive force. Then, 

Z}/rp=.9x3X6X438X.96X.982X.775Xl 
= 5,200, approximately 

38. The ampere-turns effective in setting up the full-load 
current on short circuit are 6,700—5,200=1,500. According 
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to the no-load sattiration curve, 1,500 ampere-tums will set 
up 1,150 terminal volts, and the point c of the triangle abc 
is thus located. By constructing triangles similar to o fc c as 
at a!V d, the point c* being on the ciuvei4, points on the 
full-load satxuration curve at zero i)Ower footer are found, 
and the curve C is drawn through these points. This curve 
shows that 17,200 ampere-tums will be reqtiired to maintain 
6,600 volts at full load with power factor, or 17,200-8.921 
= 8,300 ampere-tums, approximately, more than will be 
required at no load. 1 1 ■ 1 1 ■ 1 1 1 1 ■ i i ■ r 1 1 , i ■ ■ ■ . . , . . , , , . , ■ , . » 3 



jf 



I 



2: 



-^- 



yi! 



'^-. 



\r. 



39. The full-load 
saturation curve at 
.8 power factor can 

be drawn as explained 
in connection with sat- 
tu^tion etudes in De- 
sign of Alternating- 
Current Machines^ 
Part 1, after the resis- 
tance and the result- 
ing voltage drop have 
been calculated as ex- 
plained later. The 
construction for ob- 
taining points on 
this curve is indicated in Fig. 7, which is similar to Fig. 20, 
Design of Alternating' Current Machines, Part 1. In the actual 
work of designing, such a figure should be laid out to a scale 
larger than here shown, and all measurements should be made 
accurately. Along a horizontal line 06a distance a c is laid 
off proportional to the resistance drop, which will be a small 
percentage of the total voltage. 

A line c d is drawn at an angle 4> with line a 6 so that cos <^ 
= .8. With point c as a center and with radii proportionally 
equal to de, f g, and h i. Fig. 6, points i, 2, and 5, Fig. 7, are 
located on a vertical line from a. With these three points as 
centers and with radii respectively and proportionally equal 
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§ G3 ALTERNATING-CURRENT MACHINES 25 

to the ordinates of the pointy e, g, and i, Fig. 6, the points 4, 5, 
and 6, Fig. 7, are located. The distances c 4, c5, and c ^ are 
proportional to the ordinates of points ;, k, and / on the desired 
curve D, Fig. 6. 

According to this curve, 15,000 ampere-turns will maintain 
6,600 volts at full load; and if the load is thrown off with this 
excitation the voltage will rise to 8,475, or 28 per cent., which 
is 2 per cent; less than the specified limit. 



RESISTANCE OF ARMATURE 

40. In order to calculate the resistance of the armature, 
a coil is laid out to scale, as in Fig. 8; the mean length of a tiun, 
indicated by the dotted line, is then measured and foimd to be 
about 105 inches. When the machine is operating and the 
coils are warm, the resistance will be approximately 1 ohm per 
circular-mil inch. 

Each conductor consists of 4 strands of .18 in. X .35 in. copper 
strip, and the sectional area of a conductor is 4X.18X.35 
X 1.270,000 =320,000 circular mils, nearly. There are 72 coils 
of 2 turns each per phase, and the length of the conductors 
in series in each phase is 72X2X 105 = 15,120 inches. At 1 ohm 

per circular-mil inch, the resistance of each phase will be —— 

320,000 

= .0473 ohm. To this number should be added, say, 3 per cent. 

to cover the resistance of end connections and joints, making 

the resistance per phase approximately .049 ohm. 

41. At full load, 438 amperes, the voltage drop per phase 
due to resistance is 438 X. 049 = 21. 5, and the drop between ter- 
minals is ^3X21.5 = 37.2 volts. The full-load loss per phase 
due to this resistance is 438X21.5 = 9,400 watts, and in the 
three phases 3X9,400 = 28,200 watts. 
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DESIGN OP FIELD WINDING 

42. According to the saturation curve, 17,200 ampere- 
turns are required to maintain 6,600 volts at full load with 
zero power factor. The field coils of an alternator should be 
designed to carry without overheating the maximum exciting 
current required when the machine is operating at very low 
power factor and possibly with an overload at the same time. 
In this case the design will be made for approximately 18,000 
ampere-turns and for 60® C. maximum temperature rise. 

43. The rate at which electric power can be dissipated as 
heat by the rotor with a temperature rise not exceeding 60° C. 
must be determined and the field winding calculated accord- 
ingly. The rotor diameter will be 105- (2X.68) = 103.64 

' u .u • u 1 1 -^ 11 K^ 3.1416X103.64X300 
mches; the peripheral veloaty will be 

= 8,140 feet per minute, and at this velocity 5 watts per square 
inch of coil surface can be dissipated. 

44. The field coils will be made of copper strip woimd 
edgewise, and this strip may be assumed as IJ inches wide. 

The pole core section 
has been fotmd to be 
6X25.5 inches; if the 
comers are rotmded, the 
section of the core and 
field coil will appear as 
in Fig. 9. The mean 
length of the field tirnis, 
as indicated by the bro- 
ken line, is 2 X 23 + 2 

X 3J + 2 X 2} X 3.1416 = 66.63 inches. 
The field resistance at maximum temperature may be taken 

at 1.1 ohms per circular-mil inch. In order to determine the 

dimensions of the field conductors, 




Pig. 9 



let 



a = sectional area, in circular mils; 
e = voltage at field terminals; 
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//=field current, in amperes; 
L/=mean length of field turn, in inches; 
Tc—the number of tiuns per field coil; 

/>= number of field coils; 

r« resistance of field circuit, in ohms. 

Then. r JJJ±LlP (i) 

The ampere-turns // T«= 



a 
e ea 



r 1.1 LfTep 
eaTt ea 



I.IL/Tcp 1.1 L,p 



. 1.1 1/T.Lfp 
and a- ' "^ 



(2) 
e 

In this design, I/Tc is to be 18,000, L/ = 66.63, />=24. and 
r» 120; then, 

1.1X18,000X66.63X24 



120 



- = 264,000 circular mils 



46. The number of square mils is 264,000 X 7864 = 207,000, 

and if the strip is IJ inches wide it must be *- 

1.6X1,000,000 

= .138 inch thick. ' A copper strip .14X1.6 inches has a sec- 
tional area of ■^^Xl.6Xl,000,000 ^^ ^^^^^^ 

.7864 
neariy, and it may answer. 

The outer periphery of the coil is 2X23+2X3i+2X3 
X3. 1416 = 71.36 inches. The pole cores are 7i^ inches in 
radial length; f inch must be allowed for two insulating collars, 
one at each end of the coil, leaving 6^ inches winding space. 
The total radiating surface on 24 coils will be 24X71.36X6.6626 
= 11,240 square inches. 

46. The insulation between field turns will be .013-inch 
paper, making the space occupied by an insulated tiuTi .14+. 013 
= .153 inch. The ntunber of turns possible in the available 
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6 5625 
space is -^ =42.9. In order to avoid any possibiKty of 

.lOu 

crowding, 42 turns should be allowed; as the coil terminals 

must come out on opposite sides of the machine in order to 

facilitate connections, there will be 41| active turns per coil. 

The resistance of the field circuit, calculated by formula 1 of 

A^ AA ' 1.1X66.63X41.5X24 ^.^ , 

Art. 44, IS r= = .273 ohm. 

267,400 

120 

The field current at full voltage will be =440 amperes. 

.27o 

The maximum watts to be dissipated by the field coils will be 

52 800 
440 X 120 = 52,800, and the watts per square inch will be - -' — 

^ 11,240 

= 4.7, nearly, which is within the allowable limit, 5, for 60® C. 

temperature rise. The maximtim excitation will be 440X41.5 

= 18,260. 



LOSSES AND EFFICIENCY 



STEEL LOSSES 

47» The losses in any generator may be classed as steel 
or iron losses, copper losses, and friction and windage losses. 
Steel, or eddy-current, losses occur in each steel part of the 
magnetic circuit in which the flux varies. These losses are 
estimated by calculating the weight in pounds of each part 
having a distinctive flux density and multiplying this weight 
by the niunber representing the loss per potmd at the given 
density. Steel losses remain practically constant at all loads. 

The volume of all the teeth is .835X3.85X20.2X216 = 14,000 
cubic inches, and as steel weighs .28 pound per cubic inch, the 
weight of the teeth is 14,000 X. 28 = 3,920 pounds. The den- 
sity in the teeth is 93,000 lines per square inch at 6,600 volts, 
and by the curve of losses given in connection with the dis- 
cussion of efficiency in Design of Alternating- Current Machines, 
Part 1, the loss per pound will be 6 watts. The loss in the 
teeth will therefore be approximately 6X3,920 = 23,520 watts. 
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48. The diameter of the armature core at the tooth roots 
is 105+2X3.85 = 112.7, and the area of a circle with this diam- 
eter is 9,976 square inches. The outer diameter of the core is 
121.5 inches, and the area of a circle of this diameter is 11,594 
square inches. The voltime of the core is (1 1 ,594 — 9,976) X 20.2 
=32,684 cubic inches. The weight of the core is 32,684 X. 28 
= 9,152 pounds. The density in the core at normal voltage 
is 59,000, the loss per pound at this density is 2 watts, and the 
total loss in the armature core is 2X9,152 = 18,304 watts. The 
total steel losses are the simi of the losses in the teeth and core, 
or 23,520+18,304=41,824 watts, or practically 41.8 kilowatts. 



COPPER LOSS 

49. The JpR loss In the armature conductors varies 
with the load and should be calculated for three different load 
conditions. The loss at full load has been determined as 
28,200 watts (Art. 41), and this loss varies as the square of 
the load in amperes; that is, at three-quarters load it is 
Ax 28,200 =15,860 watts, and at one-half load it is J X 28,200 
=7,050 watts. To these values must be added approximately 
10 per cent, to cover the eddy-current loss in the armature 
conductors, making 31, 17.45, and 7.76 kilowatts. 

50. The field copper loss is calculated by squaring the 
number of amperes of field current and then multiplying by the 
hot field resistance. As shown by the sattuation curve, Fig. 6, 
the excitation required to maintain 6,600 volts at full load and 
80 per cent, power factor is 15,000 ampere-turns. If similar 
curves were plotted for three-quarter and one-half load the 
excitation would be foimd to be, respectively, 13,200 and 
11,800 ampere-tums, approximately. The field current in 
each case is //TcH-41.5, and the field currents for the three 
load conditions are, respectively, 361, 318, and 284 amperes. 
The field resistance r = .273 ohm, and the three field losses 
//r = 35,600, 27,600, and 22,100 watts, or 35.6, 27.6, and 22.1 
kilowatts. Field-rheostat losses are not usually charged to a 
generator imless the exciter is direct-connected. 
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WINDAGE AND FRICTION 

61« The losses due to the movement of air by the rotor and 
to friction in the bearings can be asstimed constant at 40 kilo- 
watts, this assumption being based on experience with other 
similar machines. This loss can be added to the iron losses, 
making the constant losses 81.8 kilowatts. 



EFFICIBNCT CALCULATIONS 

52. The efficiency calculations for three points on the 
curve shown in Fig. 10 are recorded in tabular form, as follows, 




^loact 



i Load 



Pig. 10 



and the curve is plotted. The variation of individual losses 
is also shown in the illustration. 
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QUARTER 


Half 


Load 


Load 


75 


50 


328 


219 


3,750 


2,500 
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Full' 

Load 

Percent 100 

Line current, in amperes 438 

Output, in kilovolt-amperes 5,000 

Output, in kilowatts at .8 power 

factor 4,000 3,000 2,000 

Steel loss plus friction and wind- 
age, K. W 81.8 

PR loss in armature, K. W 31.0 

PR loss in field, K. W 35.6 

Total losses, K. W 148.4 

Output plus losses, K. W 4,148.4 

Efficiency, in per cent 96.4 



81.80 


81.80 


17.45 


7.76 


27.60 


22.10 


126.85 


111.66 


3,126.85 


2,111.66 


96.00 


94.70 



MECHANICAL CONSTRUCTION 



SIZE AND ARRANGEMENT OF PARTS 

63« The mechanical construction of the alternator for 
which the calculations have been made is shown in Fig. 1 1 . The 
field spider, made of cast steel, has eight arms and is cast in one 
piece with a split hub a clamped to the shaft by means of two 
shrink rings b. The poles are laminated, and the punchings 
are held between the end heads by five rivets. The lamina- 
tions are dovetailed to the spider rim. Rubber-covered cables c 
lead from the collector rings d along the shaft and a spoke to the 
field coils. These leads are held firmly in place by brass cleats 
screwed to the arm and provided with insulating bushings 
through which the cables pass. The collector rings are of a 
standard type. The brush rods e are motmted on the bear- 
ing housing. 

64.. The fans /, which are made from aluminum castings, 
discharge air into the space surrounding the projecting parts of 
the stator coils. The castings g projecting over the stator 
coils extend inwardly to the fans and have no openings, so that 
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the air discharged by the fans must pass out through the open- 
ings in the yoke. When air is discharged into the space sur- 
rounding the ends of the stator coils, part of it passes around 
and through the coils, hence through openings h in the stator 
end plates and out through the yoke openings. The greater 
part, however, is caught up by the poles and thrown from the 
interpolar space through the stator-core ducts and thence out 
through the yoke openings. The yoke openings are so arranged 
that there can be no pocketing of the heated air. This type of 
ventilation insures a uniform temperature throughout the 
generator and prevents excessive heating in any part. 

55. The armature laminations are clamped between seg- 
mental end plates. At frequent intervals in the core are i-inch 
ventilating ducts h, and at each end is a 1-inch duct, all made 
by brass spacing segments. The end segments are made strong 
enough to support the core pimchings. To guard the stator 
coils against being deformed by the stress during short circuits, 
the free ends are roped to wooden rings i held by studs screwed 
to the stator end plates. 

MECHANICAL STRESSES 

66. The stresses in the rotor structiu^ must now be cal- 
ctilated in order to make sure that the sections chosen are strong 
enough. If any of them are found too small, the whole elec- 
trical design may have tb be changed. All the calculations 
are made according to the explanations under the heading 
of Mechanical Design in the Section entitled Design of Alter- 
nating-Current Machines, Part 1. The centrifugal forces are 
first determined by the general formula F=. 00034 WRn^, 
The weights W are the product of the volumes, in cubic inches, 
and the weights, in pounds, of the materials per cubic inch, 
which is taken at .28 for iron and steel and .32 for copper. 
The dimensions are shown in Figs. 4 and 11. Approximate 
results are satisfactory for such calculations. 

67. The net length of steel in the pole parallel to the shaft 
is 23.7 inches. The pole arc is 10.25 inches, and the average 
thickness of the pole shoes is 1.125 inches. The pole-shoe 
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weight is 10.25 X 1. 126 X 23.7 X. 28 =76.5, or, say, 85 pounds, 
including the flanges that extend over the coil ends. The pole 
core, exclusive of the shoe and the dovetail, weighs 6X7.375 
X 23.7 X. 28 =294, making the weight of the pole core and shoe 
379 pounds. 

The width of the pole dovetail is 2i inches minimtun and 3f 
inches maximum . The radial depth is 1 . 5 inches, and the weight 

is *"*" ^ X 1.5 X 23.7 X .28 = 31.1 pounds. The pole wedges 

weigh f X1|X25.5X.28=6.15, making the combined weight of 
the dovetail and wedges 37.25, or approximately 37 pounds. 

The field conductor section is .14X15 inches, the mean 
length of the turns is 66.63 inches, and the number of turns 
41.5. The weight of copper in a field coil is .14X1.5X66.63 
X 41. 5 X. 32 =186 pounds, and the complete insulated coil with 
end washers will weigh approximately 200 pounds. 

The outer, or greater, arc of the spider dovetail is 

'■ ^— 3A=8 inches. The radius of the inner arc 

24 

is 43f—lJJ= 41.845 inches, and of the smaller arc is 

2X3.1416X41.845 .5 aq- u nn, • 8+^-3 

4f = 6.3 mches. The average arc is 

24 * ^2 

= 7.2 inches, approximately. The depth of this dovetail is 
IJJ inches, the length parallel to the shaft is 25f inches, and 
the weight is 7.2X1.53X25.625X.28 = 79.1, or, say, 80 pounds. 
The inner radius of the spider rim is 37| inches, the radial 
depth below the dovetail is 4fJ inches, and the mean radius 
is 37|+2ii = 39^, or 39.6, inches. The axial width is 
251 inches, and the weight is 2X3.1416X39.6X4HX25|X.28 
= 7,800 pounds. To this must be added the weight of the 
plates and fan blades bolted to the rim, which will make the 
total weight to be considered in connection with the rim approxi- 
mately 8,200 pounds. 

68. The radii of revolution obtained from Fig. 11 are as 

follows: 7^4-1 A 

For the pole core and shoe, /?p=43|-i ^ ^ =47f inches 
=3.97 feet. ^ 

283—22 
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For the pole dovetail and wedges, i?pd=43| — ^=42f inches 
= 3.55 feet. 

7JL. 

For the field coil and washers, i?c=43H — ^=47^ inches 
= 3.92 feet. 

For the spider dovetail, i?w=43|-^=42ij inches =3.55 
feet. 

For the spider rim, /?, = 371+-^ = 39^1 inches =3.3 feet. 

it 

69. The centrifugal forces caused by these rotating parts 
are calculated by the formula F=. 00034 WRff, in which 
n=500, the specified runaway speed, and W and R are weight 
and radius, with the foregoing values for weights and radii. 
When the value of n is substituted, the formtda reduces to 
F=. 00034X250,000 H^i? = 86 W R, from which the foUowing 
forces, in poimds, are calculated: 

Pole core and shoe, Fp=86X 379X3 97= 128,000 

Pole dovetail and wedges, Fpd=86X 37X3.55= 11,160 

Field coil and washers, Fc=85X 200X3.92= 66,600 
One inch mean length of 

field turns, Fi = ^^^ = 1,000 

66.63 

Spider dovetail, F«,=85X 80x3.55= 24,100 

Spider rim, Fr = 85X8,200X3.3 =2,300,000 

Fp+Fpd+Fc=F« = 128.000+ll,160+66,600 = 205,760 

(F<+F.d)X24=F, = (205,760+24,100)X24 =5,500,000 

60. The stresses acting in different parts of the rotor can 
now be calculated according to formulas given in Art. 93, 
Design of Alternating-Current Machines, Part 1. In using these 
formulas, the forces calculated in Art. 69 herein are sub- 
stituted for F. The dimensions are taken from Fig. 11 or com- 
puted from dimensions there given and are in inches. The 
calculated stresses, as determined by these formulas, are in 
pounds per square inch. 
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61. The stress tending to bend or break the comer of the 

2 
spider dovetail is found by the.formiila5cc=^ , in which 

4*— 3_ft_ 
6 is the overhang, or leverage of the dovetail comer, or — — — 

Ai 

= .66; c\ is the dimension along which the break would prob- 
ably occiu" and is given in Fig. 11 as 1| inches; and c is the 
width of the spider, given as 25f inches. 

3x^^X.66 

Then, S«,= ? =3.530 

^ 1.5^X25.625 

The stress tending to separate the whole dovetail from the 

r. , Ft COS (A —B) 

A 

spider is 5«j = ,in which B is half a polar single, 

cd 

or, A^ = 7jo. cos. (A-fi)=cos (6(r-7f)=cos 52r = .609; 

cosi4 = .5; and c=25f, as before. The dimension along which 
the dovetail would break, if it shotdd giye way, may be taken 
J inch longer than the smaller arc found in Art. 57, on account 
of the fillets in the doyetail comers; that is, d=6.3+.25=6.55 
inches. Then, 

^^^^205,760X.609 

5«,= -^ =1,633 

25.625X6.55 

The stress tending to separate the dovetail from the pole 

F I F 

is 5fg=— ^ -, Here n is the niunber by which to multiply 

nee 

the pole width (parallel to shaft) in order to obtain the net 

steel, in this case .93; c is the pole width, 25.5 inches, and e is 

the short dimension of the neck of the pole dovetail, 2.5 inches. 

Then, 

^ ^ 128,000+66,600 _ 3 gg^ 

"* .93X25.5X2.5 
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The stress tending to break the tip from the pole shoe is 
Sf = — ^ . In this formula / is the perpendictilar distance 

of the center of the coil from the side of the pole, or — +J = |. 

C is the angle between radial lines through the center of the 
pole and the center of one side of the coil. The tangent of 

this angle is =.0823; (7=4° 42', and cos C=.997. 

43|+^J^ 

In practice, the dimension /, Fig. 42, Design of Alter ncUing- 
Current Machines, Part 1, along which the tip would probably 
break, can be scaled from the drawing. It can also be cal- 
culated with sufficient accuracy by considering the pole cham- 
fer a straight line such that the maximum air gap is J inch 
and the minimum f inch, as previously designed. At the pole 
center the shoe is li% inches thick, as indicated, and at the tip 
it is I inch less. From the pole center to the tip is 5J inches, 
and to the edge, above which is the required dimension /, 
3 inches. 

3 
Then, 3 : 5J=^ : J, or x = ~ -Xj=-A- i^ch, so that / must be 

H 
approximately ^ inch less than l^^, or 1.1 inches. 

^, ^ 6X1,000X.875X.997 .^^^ 

Then, 5/ = =4,326 

Ll^^ 

The bending stress tending to distort the field copper is 

5^ = — ^ — . In this formula, / is the distance between cen- 
2/iH 

ters of the coil ends, or 25.5+2X J+l| = 27i inches; C is 4^ 42'. 
as previously found, and sin C=.082; /i and ti are coil dimen- 
sions given in Fig. 11 as 1^ and 6^ inches, respectively. 

Then. ^,,27jXl.000X.082^^^^ 

2X1.5«X6.56 
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The stress tending to biirst the rotor spider in its smallest 

section is Sca = — In this formula c and g are the dimen- 

2Trcg 

sions of the section given in Fig. 11 as 25f and 4^ inches, 

respectively. To the smaller dimension can be added, say, 

^ inch, because of the J-inch rib inside the spider, making 

TheV 5;,= 5.500.000+2.300.000 ^ 

2X3.1416X25.625X4.5 

62. All these stresses are within the permissible working 
limits given in Table III, Design oj Alternaiing-Current Machines, 
Part 1, and are therefore satisfactory. The design is now 
complete, and a machine built accordingly would probably 
meet all the specifications. The instructions from the engi- 
neering office to the shop must include drawings giving the 
dimensions of the parts and specifications covering the kind 
of material for each part, the size of conductors for armature 
and field, the ntmiber of coils, turns per coil, insulation, etc. 



TURBO-ALTERNATOR DESIGN 



5,000-KILOVOLT.AMPERE ALTERNATOR 

63. The rotor design is the chief problem when designing 
a turbo-generator, because high speed is essential, and the rotor 
dimensions must be as small as possible to avoid excessive 
peripheral velocity. The construction must be substantial, 
in order to withstand the stresses. Other features sometimes 
requiring special attention are the difficulty of finding room 
on the smaller rotors for field conductors large enough to carry 
the exciting current at low power factors without overheating, 
the problem of laminating the armature conductors of large 
alternators so as to prevent excessive loss from eddy currents, 
the proper securing of the ends of the armature coils on large 
machines, and the problem of ventilating such machines. 
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Separate blowers are sometimes essential to obtain proper 
ventilation. 

Large flux per pole and a comparatively small ntimber of 
armature turns per phase are common in turbo-generators. 
Low-voltage generators of this type, therefore, offer some dif- 
ficulty to the designer, as the nimiber of turns can be varied 
but little. Two-, four-, and eight-circuit windings with short- 
pitch coils are sometimes resorted to on four-pole generators, 
but even with this arrangement voltages below 2,300 are often 
difficult to obtain. Multi-circuit windings are also sometimes 
used so as to reduce eddy currents in the armature conductors. 

The rotor length is limited by the critical speed, which should 
not be within 20 per cent, of the normal speed. Rotors with 
laminated cores can be run satisfactorily between their first 
and second critical speeds, the second being 2.8 times the first. 
Rotors for very large generators are made of solid steel f orgings. 

64. To explain the theory of designing tiu"bo-generators, a 
design will be developed. The quantities frequently mentioned 
in this discussion will be referred to by symbols, and for con- 
venience some of these symbols are listed alphabetically below: 

-A/ = sectional area of field conductor, in square inches; 
Bgm = maximum flux density in air gap, in lines per square inch ; 
J?<m=maximimi flux density in teeth, in lines per square inch; 
d= shaft diameter, in inches; 

dr= rotor diameter, in inches; 

d,=stator diameter, in inches; 

i£p= volts per phase; 

//= field current, in amperes; 

/p= armature current in amperes per phase; 
if r= armature ampere-conductors per inch of rotor periphery; 

/0= radial length of single air gap, in inches; 

/r= total length of rotor core, in inches; 

-Rp= rotor pole pitch, in inches; 

5p = number of rotor slots per pole; 

/o=stator slot pitch, in inches; 

r/= ntimber of field turns per pole; 

ti;r= weight of rotor, in pounds. 
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65. Let it be assumed that a turbo-alternator is to be 
designed for an output of 5,000 kilovolt-amperes, 80 per cent, 
power factor, 6,600 volts, 3 phase, 60 cyles, 1,800 revolutions 
per minute, with temperature rises not exceeding 40° C. The 
rotor will be laminated and the exciter voltage will be 120. 

For 60 cycles and 1,800 revolutions per minute, the number 

of poles p= =4. For the given output, the current 

in each terminal is Ip=—^ — '■ =438 amperes. The phases 

V3X6,600 

of the armature winding will be Y connected, and the voltage 

per phase vnjl be £p= ' =3,815. 
V3 

66. The first step in the design is to select a rotor diam- 
eter as large as may be without causing the peripheral velocity 
to exceed a safe Umit. This limit may be taken as 20,000 feet 
per minute for laminated rotors and 24,000 feet per minute 
for a rotor made from a steel forging. For the machine to be 
designed, let dr=40 inches, giving a peripheral velocity of 
40X3.1416X1,800 



12 



= 18,850 feet per minute. The rotor pole 



•* u E> 40X3.1416 oi >• • u 
pitch Rp^ =31.4 mches. 

67. The number of armature conductors can now be 

determined by first assuming a number of armature ampere- 
conductors per inch of rotor circumference based on experience 
with similar machines. In general, such assimiptions can be 
made as follows: 
Kilovolt-ampere 

output =1,000 1,000 to 5,000 6,000 and up 

Amp.-cond. per 

inch Kr = 350 to 600 500 to 700 700 and up 

For the machine to be designed, let /Cr=800. The total 

number of ampere-conductors will then be KrRpp, and the 

^^1 • u ^ A ^ -11 u ^rRpp 800X31.4X4 
total niunber of conductors will be =^— = 

Ip 438 
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=229. This nirnit^er cannot be evenly distributed in the slots, 
and it must be changed. Each slot must contain an even num- 
ber of conductors, in order to connect them into coils. The 
nimiber of slots per pole per phase could be made 3, 4, or 5, 
and the last number will be taken; the number per pole will 
then be 15 and the total number 60. With 4 conductors per 
slot, the total number of armatiu^ conductors will be 240, 
instead of 229, and Kr = 837 instead of the assxmied number 800. 

68. The air gap must be such that the number of field 
ampere-tums / Tg reqtdred to establish the flux in it will be 
approximately 1.5 times the number of armature ampere- 
tums per pole. The latter number will be —^ — -= — 

= 13,141, and / 7^ = 1.5X 13,141 = 19,700. The flux density B^ 

in the air gap will be approximately 48,000 lines per square 

/ T 

inch and the length of the air gap should be lg = ~ 

.313 Bg 

19,700 



= 1.3, or, say, 1.25 inches. 



.313X48,000 

69. The length of the stator core is made such that the 

maximimi flux density in the stator teeth will be approximately 

100,000 lines per square inch. The average density will then 

be approximately 100,000^1.5 = 67,000, or, say, 70,000 lines 

per square inch. The diameter of the stator-core face is 

ird 
d. = 40+2X 1.25=42.6 inches, and the slot pitch is to= — - 

= -^ ^ = 2.23 inches. The slot width can be made 

60 

nearly half of this pitch, or, say, 1 inch, leaving the tooth width 

at the stator surface 1.23 inches. 

With five slots per pole per phase, the distribution factor 

Ky, = .957. The coils will be made to span 11 slots instead 

of 15, the full pitch, making the winding pitch ■}^ = 73.3 per 

cent., for which the pitch factor feo= .91, as shown by the curve 

of pitch factors in Design of Alternating-Current Machines, 

Part 1. The nimiber of conductors in series per phase is 
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5X4X4, and the number of tiims Tp= =40. The 

2 

useful flux per pole can now be calculated by the general for- 
mula 



lO^fip 10»X3,816 



=41,000,000 



4.44 Tp/itu ko 4.44X40X60X.957X.91 

The tooth section required to carry this flux at 70,000 lines 

per square inch is 41,000,000^70,000=586 square inches. 

There are 15 teeth per pole each 1.23 inches wide at the end, 

586 
and the net length of the core must be not less than 

15X1.23 
=31.8 inches. Such a core shotild be made of .014-inch steel 
laminations japanned on both sides, and the net length of 
steel will be about 88 per cent, of the gross length, making the 
latter approximately 31.8-5- .88 = 36.1 inches. .The ptmchings 
will be assembled in 23 sections, each If inches thick, separated 
by f-inch ventilation spaces. The gross steel will be 23Xlf 
= 37f inches, the net length of steel / = 37f X.88 = 32.9 inches, 
the combined width of the air spaces 22Xf = 13f inches, and 
the length of the assembled core 37|+13f = 51| inches. A 
l^-inch ventilating space will be allowed for at each end, 
making the total length of the stator core 53^ inches. The 
total length of the rotor core can be sHghtly less, or, say, 
/r = 52 inches. 

70, The rotor winding should next be calculated, and it 
should be designed for safe operation at overloads with low 
power factors, say for 80° C. maximimi temperature rise tmder 
the worst probable condition. As 12° C rise corresponds to 
heat dissipation equivalent to about 1 watt per square inch of 
rotor surface, 80° C. rise indicates 80-r-12 = 6.67 watts per 
square inch. At this rate the maximtim field current with 
full exciter voltage, 120, is 

J &.&7irdrlr 6.67X3.1416X40X52 ^^^ 

// = = = 363 amperes 

120 120 

71. In a 60-cycle machine the total number of field ampere- 
turns per pole must be from 2.8 to 3.8 times the number of 
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armature ampere-tums per pole, depending on the regulation 
required. The smaller ratio will be used here. For 25 cycles, 
each limit can be from 10 to 15 per cent, lower than for 60 cycles. 
The minimum nimiber of field ampere-tums on the machine 
here being designed must be // r/ = 2.8Xl3,141 =36,800, 
approximately. The minimtim number of field turns per 
pole r/=36,800-^363 = 101; 105 will be used. 

, 72. The sectional area of the field conductor must 
be such that the field, resistance at maximum temperature will 

be — = — =J ohm, nearly. At 80® C. temperature rise the 
// 363 

resistance per circular-mil inch will be about 1.18 ohms and 
per square-mil inch will be 1. 18 X. 7854 = .93 ohm. The sec- 
tional area of the conductor in square mils is 10'i4/, in which Af 
is its* area in square inches. The mean length of a field turn is 
approximately 1.5 /?p+2/r= 1.5X31.4+2X52 = 151.1, or, say. 
152 inches, and the total length of conductor will be 152 X 105 X4 
=63,840 inches. The mean length per turn is calculated more 
accurately later. The sectional area of this conductor, in order 
to have a resistance of \ ohm at .93 ohm per square-mil inch, 

^- . .93X63,840 .-^ . , 

must be -A/= = .178 square mch. 

JX10« ^ 

73. The diameter of the shaft should next be deter- 
mined, in order to ascertain the depth of metal in the rotor 
available for slots. The weight of the rotor complete will be 
about 40 per cent, greater than the weight of a solid steel cylin- 
der having the diameter and length of the rotor core, or 
1.4X.28Tdr*/r 1.4X.28X3.1416X40*X52 
4 4 

= 25,600 pounds 
A preliminary drawing can be made and the distance / 
between bearing centers estimated. If it is taken at 150 inches 
and the maximum deflection y is taken at 5 per cent, of the 
air gap /(,, the approximate shaft diameter will be 

\10«X22>'Z, \ 100 X22X. 05X1.25 
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The critical speed of a 16-inch shaft will he Ne = 
1,670,000X16X16 



1,570,000 d* 



= 1,370 revolutions per minute, or 

V25,600X 150X150X160 
nearly 25 per cent, below the normal speed, 1,800. A 16-inch 
shaft will, therefore, be satisfactory. 

74. The dimensions of the rotor slots and the rotor 
conductor can now be decided. From experimental data on 
similar machines, 10 slots per pole will be chosen, and they 
can safely be made 5f inches deep. The slot wedge will occupy 
i inch and the slot insulation, say, i inch, leaving 4^ inches for 
insulated conductor. The conductor will be a copper strip 

105X2 



wound flat in the slot, and each slot must contain 



10 



= 21 conductors. The thickness of an insulated conductor 
will therefore be 4.5 -r- 21 = .214 inch, of which .014 inch will be 
allowed for insulation and .2 inch for copper. As the cross- 



^ Circ/e 




Fig. 12 



section of the conductor was found to be .178 square inch, its 
width must be .178 -^.2 = .89 inch, or, say, .9 inch. About 
.1 inch should be allowed for insulation on each side of the slot, 
making the slot width .9+. 2 = 1.1, or, say, 1| inches. 
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75. At this point in the design outline drawings should be 
made, as in Figs. , 12 and 13, and the centrifugal forces and 
stresses calculated. The drawings should not be completed 
until the calculations are made and the parts known to have 
sufficient mechanical strength. The calculations are made as 
explained in Design of Alternating-Current Machines y Part 1. 
The dimensions are shown on Figs. 12 and 13. 

The weight of 1 inch of rotor tooth, of which 93 per cent. 

is net steel, is ^ "*" ^ X5.75X.93X.28 = 1.2 pounds. Its 

18 5 
radius of revolution may be taken at 18i inches, or — — feet, 

and the centrifugal force acting on it is 

1Q c 

C, = .00034X1.2X^^^X1,8002 = 2,040 pounds 

The weight of 1 inch of the slot contents, mostly copper, 
is 1. 125 X 5.75 X. 32 = 2.07 pounds, and its radius of revolu- 
tion may be taken as 1.5 feet. Then, the centrifugal force per 
inch of rotor length due to slot contents is 

C. = .00034X2.07X1.5X1,8002 = 3,420 pounds 

The weight of 1 inch of total rotor core, including slot con- 

. ^ ^u • • ^ 1 /3.1416X402 3.1416X16^\ 
tents and teeth, is approxmiately i — j 

X. 28 = 296 pounds. The radius of revolution may be taken 
at .8 of the radius of the rotor, or .8X20=16 inches = ^4 f^t- 
The centrifugal force per inch of rotor core is 

Cc = .00034X296Xiaxl,8002=435,000 pounds 

76. The stress tending to break the rotor teeth at their 
narrowest section, .47 inch. Fig. 12, is 

^ Ct+C, 2,040+3,420 .. ^^ . . - 

5e= "- = = 11,600 pounds per square mch 

X .47 

The stress tending to burst the rotor core in its smallest 
section, measuring 5.7 inches from a slot to the keyway, is 

^ Cc 435.000 ,^,_ , . , 

Sd = = =12,150 pounds per square mch 

2 Try 2X3.1416X5.7 
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The bending stress acting on the wedge center between sup- 
porting points If inches { = e) apart is 

^ .75C.e .75X3,420X1.375 .^^ . . , 

So = — — — = = 6,270 pounds per square inch 

/* .75* 

The shearing stress affecting the wedge comer, where 
g = i inch, is 

5,=—=-^ — -=3,420 pounds per square inch 

^g ^X 2 

The bending stress Sh affecting the wedge comer is 

^ 1.5C.;t 1.5X3,420Xi .,^n ^ - u 

06= = = 5,130 pounds per square inch 

g* .5» 

The combined bending and shearing stress acting on the 
wedge comer is 

So, = .35 St+ .65 V56^+2.3 5,^ = .35 X 5, 130 

+.65V5,1302+2.3X3,420* = 6,530 pounds per square inch 

77. In order to calculate the stress tending to burst the 
ring over the rotor coil ends, the weights of these ends and the 
centrifugal force acting on them must be calculated. The coil 

ends have the general form core 

indicated in Fig. 14. The 
mean length of the straight 
parts is 5.4 inches and of the 
arched parts 17 inches. The 
mean distance from the core 
around the coil end to the core ^^" ^* 

again is 17+2 X 5.4 = 27.8 inches, from which should be deducted, 
say, 5 per cent., for rounded comers, leaving 26.5 inches, 
approximately. The mean radius of these connections from 
the center of revolution (see Fig. 13) is 20- J -2} = 16.75 
inches =1.4 feet. There are 4 poles, 5 coils per pole, 21 turns 
per coil, the conductor section is .2 inch X. 9 inch, and copper 
weighs .32 pound per cubic inch. The weight of copper 
in the connections at one end is, therefore, 4X5X21 X. 2 
X. 9 X 26.5 X. 32 = 640 pounds, and the centrifugal force act- 
ing on it is C/ = .00034 M/i?n2 = .00034X640Xl.4Xl,8002 
= 987,000 pounds. 
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The dimensions of a section of the support ring for the rotor 
coil ends, as given on Fig. 13, are IJ^ inches XI If inches. The 
area of this section is approximately 19.6 square inches. The 
distance of the center of the section from the center of the shaft 

2 

approximately 2X3. 1416X20 X 19.6 X. 28 =690 poimds, and the 
centrifugal force acting on it is C = . 00034 X 690 X^Xl'.SOO* 
= 1,267,000 pounds. The bursting stress on the ring is 



is 193^+-^ = 20 inches. The weight of steel in the ring is 



c Cf+Cr 

2Tab 



987,000+1,267,000 



'■ 18,300 poimds per 




2X3.1416XlttXll| 

square inch 

All the stresses on the rotor parts are thus found to be within 

the permissible working limits for ordinary steel as given in 

Table III, Design of Alternating-Current Machines, Part 1, 

except the stress on the rings over the ends of 

the coils, and chrome vanadium steel will be used 

for these rings. 



78. The stator slot dimensions are calcu- 
lated as for a salient-pole machine. The width 
has been assumed at 1 inch, the slot pitch being 
2.23 inches, and the depth must be sufficient to 
carry conductors of the proper cross-section to 
prevent overheating. In order to minimize eddy 
ciurents in the conductors, a two-circuit winding 
will be used and the conductors will also be 
stranded. Each circuit will carry half the phase 
current, or 438-3-2 = 219 amperes. A current den- 
sity of 1,300 amperes per square inch of conductor 
cross-section can be assumed, necessitating a 
cross-section of 219^ 1,300 = .168 square inch. 
Of the 1-inch width of slot, about .65 inch will be available for 
copper, making the depth of copper in each conductor approxi- 






Pig. 15 



mately .168 ^.66 = .258 inch. 

79. Fotir conductors per slot have previously been chosen, 
and the two-circuit winding will require double this number. 
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The eight conductors will be arranged eight deep in the slot, 
each conductor consisting of four rectangular double-cotton- 
covered copper strips with cross-sectional dimensions .16 inch 
X.28 inch, arranged as indicated in Fig. 16. The four con- 
ductors will require 4 X. 16 = .64 inch of the slot width, leaving 
1 — .64 = .36 inch, for insulation. The slots will be made 
4i inches deep, of which the conductors will occupy 8 X.28 
= 2.24 inches, the slot wedge | inch, and the insulation 4.6 
— (2.24 -h. 375) = 1.89 inches. This also allows for extra insu- 
lation spaces between the eight conductors. 

80. In order to determine the armature heating:, the 
watts dissipated per square inch are calculated by the formula 

.395 ka to Ik 



P. = - 



W+D 

219 



in which the kiloamperes per square inch / * = 

4X.16X.28X1,000 

= 1.22; the slot pitch to — 2.23 inches; the kiloampere-con- 

40 837 

ductors per inch of stator circumference ka— X = .788; 

*^ 42.6 1,000 

the slot width W=l inch and the slot depth below the wedge 

D = 4.5-.375 = 4.125inches. Then,P, = '^^^^'^^^^'^^^-^ 

1+4.126 

= .165 watts per square inch of stator coil surface. 

P 
In the formula, T, = ~~ for temperattire difference between 
.003 

the conductor and the outside of the insulation on it, and the 

thickness of insulation = .21. Then, 7= '- — -= 11.66® C, 

.003 

which is a safe difference. 

81. The maximum flux density in the teeth can be cal- 
culated by the formula Bttn = ^^ ^^ , in which 



[a'+(f-l)6']<i^ 



values of, d, Ig, to. Spy and / are those found in the preceding 
discussion. From Fig. 12, a', the arc over the center pole 
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is 11.1 inches, and 6', the arc over each rotor tooth is 1.95 inches. 
From Fig. 13, /«, the mean width of each stator tooth is 
1.46 inches. Then, 

^ 41,000,000X (42.5- 1.25) X2.23 

*" [11.1 + (V^-1)X1.95]X42.5X1.46X32.9 
= 97,700 Unes per square inch 

The depth of the stator core back of the slots will be made 

10.5 inches, and the density in it will be '- * =59,400 

2X32.9X10.5 

lines per square inch. Both of these densities are within the 

limits of good practice. 

82, The field resistance should be calculated for the 
maximum probable temperature, 105° C, at which the resistance 
per circular-mil inch will be approximately 1.18 ohms. There 
are 105 turns, or 210 conductors, per pole, making 21 con- 
ductors per slot. The connections between coils will render 

1 conductor in every slot inactive, leaying = 100 active 

turns per pole. 

The mean length of a field turn may be estimated from the 
data in Figs. 12 and 13. The rotor length is 2X26 = 52 inches, 
and the copper strips project straight out from the rotor a short 
distance at each end. The average length of these straight 

91 
ends may be estimated as — , Fig. 13, for each end, or 9§ inches 

for both ends, making the two straight portions of the mean 

turn 2 (52+9^) = 123 inches. The radial distance of the outer 

turn of a coil will be 20— f (wedge) = 19 J inches. The radial 

distance of the lower turn of a coil will be 20— 5f (slot depth) 

191 -L 141 

= 14 J inches. The mean radial distance will be — 

2 

= 16| inches, and the mean diameter 33^ inches. The mean 
span of the coils will be -b\-+4 (5^) =-^ of a circle, Fig. 12, or 
6^X33.5X3.1416 = 17 inches, nearly. The mean length of the 
field turn will be the simi of the straight and end portions, or 
123+2X17 = 157 inches. 
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The field-conductor section is .2 inch X. 9 inch, and its area 

2X 9 

in circular mils is '- X 10' = 229,000. The hot field resistance 

.7854 

. 1.18X157X100X4 OOA u rr.u' • ^ 1^ 

IS = .324 ohm. The maximum field cur- 

229,000 

rent when the machine is at maximum temperature will be 

120 

//= = 370 amperes, and the ampere-turns with this current 

will be 100X370 = 37,000. 



83. The regulation can be checked approximately by 
ascertaining that the ratio of the gap ampere-tums to the 
demagnetizing armature ampere-tums is between the limits 
1.5 and 2.5. In the formtda for the effective air gap, namely, 

/'i,=( \lg, the slot opening 5=1 inch, the tooth width 

/ = 1.23 inches, the actual air gap /|,= 1.25 inches, and for the 

5 1 
ratio - = = .8, ^' = .82, as shown by the curve in Design of 

k 1.25 

Alternating-Current Machines, Part 1, for calculating the effec- 
tive air gap. Then, 

1 OQ 

r^= i:f2_x 1.25 = 1.36 inches 

1+82X-4: 
1.23 



The total number of gap ampere-tums can now be calculated 

313 V 
by the formula / Tg= — — ^ — - — -, in which Vg, 0, Uy and 

,,[«-+(|'-.)6'] 

Sp have the values previously found, a' =11.1, and fc' = 1.95, 
as indicated in Fig. 16. Then, 

Tj _ -3 13 XI. 36X41, 000.0 00 _^ 
' 52X(11.1+4X1.95) 

283-23 
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The number of demagnetizing armature ampere-tums per 
pole is calculated by the formtdai? 7 rp=.81 mTppIpk^ko 
sin a, in which all the values are as previously determined 
except sin a, which may be considered as 1. Then, D I Tp 

ITp 
DITp 
17,750 



= .81X3X10X438X.957X.91 = 9,270, and the ratio 
-=1.91, which is a safe value. 



9,270 

84. The foregoing calculation of demagnetizing armature 
ampere-tums per pole is based on the assumption that the ratio 
of the maximimi ntunber of field ampere-ttuns per pole to the 
average number is 1.5. This assumption can now be checked 
by drawing the flux distribution curve, as explained in Design 
of Alternating-Current Machines, Part 1. Fig. 12 shows that 
at the center of the air gap the flux from each tooth crosses an 
arc of 1.95 inches and the flux from the pole center crosses an 
arc of 11.1 inches. The entire base of the curve will, there- 
fore, be 8X1.95+11.1 = 26.7 inches. Each distance a, Fig. 16, 
represents the flux set up by the ampere-ttuns in one field coil, 
and the maximum flux 5,^ = 5 a. The total area between the 
curve and its base line is 5 a X 26.7 -5 a X 8.775 =89.625 a, and 

the average ordinate Ba = — '- =3.36 a. The ratio — 

5 a 26.7 B, 

= = 1 .49, nearly, which is very dose to the assumed ratio. 

3.36 a 

86. Forced ventilation must be used in such a machine, 
and the designer must provide air passages large enough to 
carry approximately 1^ cubic feet of air per minute per kilo- 
volt-ampere loss at air velocities not exceeding 6,000 feet per 
minute. The losses can be calculated, but the more prac- 
tical way is to estimate them from an efficiency curve of such 
machines. Such a curve is given in Design of AUemating- 
Current Machines, Part 1, and this curve shows that a full-load 
efficiency of approximately 96.2 per cent, may be expected. 
The losses will be 3.8 per cent., or .038X5,000=190 kilovolt- 
amperes. The voltune of air forced through the machine must 
be approximately 190X150=28,500 cubic feet per minute. 
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There will be six air inlets and six outlets, one of each being 
outlined in Fig. 13. Their arrangement is shown in Fig. 17; 




air enters through alternate pairs of openings, passes in toward 
the shaft through ducts in the stator core and through open- 
ings in the rings covering the ends of the rotor coils, and then 




Fig. 17 



through the outlets. Fans, one at each end, on the rotor keep 
up the air circulation, and vanes in the passages guide it over 
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and through the heated parts, thus keeping their temperature 
below danger limits. 

Of the 22 ducts in the stator core, 11 are outlined in the half 
section view (e), Fig. 13. The radial depth of these ducts out- 
side the teeth is lOJ inches, and the combined sectional areas 
of the ducts through which air must pass is 

6X22X. 625X10.5 ^ . ^ 

= 6 square feet. 

144 

The air velocity in the ducts will be 28,500-^6 = 4,750 feet per 

minute. 

The mean diameter of the fan is 35 inches, and the width 

of the blades is 4 inches. The combined areas of the spaces 

., u u- u ' ' ^u ^ t • 2X4X35X3.1416 

through which air passes m the two fans is 

144 

= 6.11 square feet, and the air velocity is 28,500-4-6.11=4,660 

feet per minute. The opening in the fans, as well as the air 

ducts in the stator, are, therefore, of ample size. 

86. Fig. 17 shows the appearance of a complete stator such 
as here designed, and Fig. 18 shows the outer casing in place. 




Fig. 18 

The bearings, as determined from experience, are 7§X26 inches. 
The mechanical construction is indicated in Fig. 13, which is 
largely self-explanatory. 

The rotor core consists of t^-inch steel pimchings keyed on 
the forged-steel shaft and clamped between 2-inch forged-steel 
end plates. The centrifugal force acts against the flat side of 
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the field conductors, thus eliminating tendency to cut their 
insulation or the slot insulation. The latter consists of three 
molded troughs with a total thickness of .1 inch. The rotor 
coils are held in the slots by bronze wedges. 

Spacers are secured between the ends of adjacent coils and 
between the outer coil on each pole and the adjoining bronze 
disk. Over the coil ends are the insulated support rings con- 
taining ventilating holes. 

87. The leads from the collector rings to the field coils are 
located in special grooves milled into the steel end plates, the 
shaft, and a holding sleeve. The leads are heavily instdated 
and held in the grooves in the end plate and shaft by wedges, 
as indicated in Fig. 13 (c) ; view (d) shows how the sleeve fits 
over the lead. One end of each lead is fastened to a collector 
ring by means of screws and the other end is joined to a field 
coil terminal by means of rivets and solder. A cast-steel col- - 
lector ring is shrunk on the shaft at each end and instdated from 
it by a J-inch mica sleeve. The rotor fans are made of sheet 
steel and designed so as to supply an adequate amotmt of ven- 
tilating air, with a minimimi expenditure of power. 

88. The stator yoke is cast in one piece, thoroughly ribbed 
and bored to receive the armature pimchings. It is shaped to 
guide the air delivered by the rotor fan through all parts of 
the machine by means of short, regular paths, with a minimum 
amotmt of friction. The air is finally discharged either out 
of the foot of the machine or out of the top, as circumstances 
may require. 

The spacers in the ventilating ducts in the stator core are 
made from steel punchings. The spacing ribs are riveted to 
punchings ^ inch thick and are ctirved so as to serve as guides 
for the air. At the ends of the core the stator teeth are sup- 
ported by heavy ventilating segments, which clamp them solidly 
through the whole core length. The stator core is clamped 
between heavy cast-iron end plates bolted to the stator yoke. 

89. The stator coils are supported where they leave the 
core by fiber rings mounted on the stator end plates; the ends 
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are roped to two insulated steel rings, mounted on steel studs 
screwed into the stator end plates and are braced to withstand 
lateral movement by means of spacers fastened between the 
coils. One of these rings with the coil ends inside appears in 
Fig. 17. 

90« Cast-iron end covers, one of which is outlined in 
Fig. 13 {e), are bolted to the stator yoke in two equal parts, 
split vertically, as shown in Fig. 18. These covers enclose the 
end windings of the stator and rotor and form part of the walls 
of the ventilating chamber. A brush stud, carrying a holder 
with a carbon brush, is secured to the cover at each end of the 
machine, as indicated in Fig. 13 {e). The holder is separated 
from the stud by an insulating tube. 
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DESIGN OF ALTERNATING- 
CURRENT MACHINES 

(PART 3) 



INDUCTION MOTORS 



LUnriNG FEATURES OF DESIGN 

!• The design of an induction motor has some features in 
common with the design of both alternators and transformers. 
The stator of an induction motor usually has more slots than 
that of an alternator of the same size and characteristics, but 
otherwise the two are alike. The rotor of an induction motor 
bears to its stator practically the same relation that a trans- 
former secondary bears to its primary. For this reason, the 
name secondary is frequently used when referring to the rotating 
part of the motor, and the name primary is then given to the 
stator. 

2. The chief considerations in the design of an induction 
motor are heating, overload capacity, starting torque, power 
factor, and efficiency. In importance, these considerations 
usually rank about in the order named, but the designer must 
aim to produce a machine with characteristics balanced to suit 
the application for which it is to be used. For long-continued 
service at steady load, the heating limit, efficiency, and power 
factor are especially important; in some cases, heavy over- 
loads may be applied for short periods, and the motor must be 
able to carry them; again, the most important characteristic 
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may be high starting torque. The efficiency and power factor 
should always be as high as can be obtained with the proper 
balance of the other characteristics. 



HEATING 

3. The temperature rise in the stator during continuous 
operation will depend on the power loss in the stator windings 
and on the effectiveness of the ventilation. High peripheral 
velocity of the rotor usually causes good ventilation. In 
general, the temperature rise of the stator will remain below 
40° C. if the power loss is not over .35 watt per square inch of 
coil surface. Phase-wound rotors will usually dissipate from 
.4 to .5 watt per square inch of cylindrical surface with the same 
temperature rise, and sqturrel-cage rotors will do slightly better 
than indicated by these figures. 



OVERLOAD CAPACITY 

4. Induction motors for general service are usually designed 
to develop full load continuously with temperature rises not 
exceeding 40° C; also, 25 per cent, overload for periods of 
1 or 2 hours with temperature rises not exceeding 55° C, and 
from 50 to 100 per cent, overload momentarily. In some cases 
the full-load rating can be exceeded by ?5 per cent, continuously 
without overheating. Motors designed especially for a par- 
ticular application, such as crane and hoist motors, elevator 
motors, mill motors, etc., must be designed with suitable 
characteristics. 

STARTING TORQUE 

5. The full-load torque of a motor is the turning effort 
exerted by the rotor when the motor is developing full load at 
normal fated speed. With the full rated voltage applied to 
the stator terminals, the average squirrel-cage motor will 
develop starting torque from 1.25 to 1.5 times full-load 
torque. They can be designed, however, to develop two or 
more times full-load torque when starting with full voltage. 
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When starting with full voltage, however, the starting cmrent 
is excessive, and the usual practice is to reduce the voltage for 
starting by means of autotransformer starters, variously called 
autostarters and compensators y or by resistance starters, called 
rheostats. The starting torque varies approximately as the 
square of the voltage; that is, at 60 per cent, of the full voltage 
the motor will start with .6X .6 = .36 of the torque that it would 
develop at full voltage. 

6. In order to obtain uniform starting torque from all 
positions of a squirrel-cage rotor, the number of rotor slots and 




Fig. 1 

the number of stator slots must be correctly proportioned to 
each other. Otherwise, the starting torque will depend on the 
position in which the rotor happens to stop; with very bad 
proportions the rotor might stop on dead points. The propor- 
tion of five rotor slots to six stator slots gives good results. 

7. starting Conditions Wltli Squirrel-Cage Rotors. 

The conditions in the conductors of a squirrel-cage rotor may 
be explained by reference to Fig. 1, which represents an 
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instantaneous condition. The vertical lines N, S, N represent 
centers of three adjacent poles. The vertical arrows on the rotor 
bars, view (a), indicate the direction of current, and the lengths 
of the arrows are proportional to the strengths of the currents. 
The bars directly under the poles carry the most current 
and those between the poles the least. The variation in current 
strength in the bars located in successive positions is according 
to a sine curve, as indicated in view (b) . 

8. As the rotor turns, the strength of the current in any 
given section of the end rings also varies according to the sine 
law. This current is always maximum midway between the 
poles, where it is the sine of the average currents in the rotor 
bars at that instant between pole centers. The average current 
in any given section of the end ring is .636 times the maximum 
current, and the effective current is .707 times the maximum 
ourent. These statements can be represented mathematically 
as follows: 

Let 7 a= average current in each rotor bar; 

7e = effective current in each rotor bar; 

/m= maximum current in each rotor bat; 

7= effective current in end ring; 

7r=maximum current in end ring; 

iV= total number of rotor bars; 

N 
iVp=number of rotor bars per pole =— ; 

P 

/?= resistance of end ring between adjacent rotor bars; 

p=mimher of poles. 

Then, 

7. = .707 7„, and7«= — 
.707 

7a=.636 7«=:^7. = .9 7. 
.707 

A^ N T 
7r = §XNpX.9 7. = .45 iVp 7.=--^^^ 

7 = .707 7. = i3iML- 
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The total resistance loss in both rings is 

.318 AT /A* D 2N*I\R 



2NPR 



= 2iv(:^18^^^yi?=: 



P / ^ 

H p^ 5/?*X/'J?loss in both rings 

By this formula the resistance of the end ring can be calcu- 
lated when the loss in both rings, the number of rotor bars, and 
the effective current in each bar are known. End rings are 
generally made of composition metal, and the resistance depends 
on the materials used and their relative proportions. The cal- 
culation of the exact cross-section to produce a given resistance 
at operating temperature is therefore difficult. Small errors 
can scarcely be avoided; these sometimes result in speeds 
slightly different from those foimd by calculations, but not 
enough to interfere with practical motor applications. 

9« Starting Conditions in Phase-Wound Rotors. 

The starting conditions in phase-wotmd rotors require less 
attention than in squirrel-cage rotors, because the starting 
current can be restricted by the use of adjustable resistance in 
the secondary circuit without its being necessary to reduce the 
primary voltage. Dead points or weak points are not likely 
to occur imless the ratio of the number of rotor slots to the 
ntunber of stator slots is made 1 to 1 or 2 to 1. 



POWER FACTOR 

10. The power factor of an induction motor depends 
inversely on the magnetizing current, and this current is 
affected by the flux density in the air gap and by the length 
of the air gap. In order to restrict the magnetizing current, so 
as to improve the power factor, the air gap is usually made as 
small as safe mechanical clearance will permit, the rotor slots 
are closed or nearly closed, and in some cases the stator slots 
are also closed. Closed slots cause more even distribution of 
the flux in the air gap and thus lower densities and lower mag- 
netizing current. But the stator windings must be repaired 
occasionally, and repairs are difficult if the stator slots are 
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closed; therefore, closed stator slots are rarely used except in 
motors for extremely slow speeds and in small motors. The 
power factor is also affected by the leakage reactance, and this 
reactance is inherently lower in a squirrel-cage motor than in 
a phase-wotmd motor, causing a given motor to operate with 
higher power factor when the rotor is of the former type. 

11. Rotating Magnetic Field. — ^When the stator winding 
of a polyphase induction motor is connected with the supply 
circuit, magnetic poles exist on the inner face of the stator. 

An instantaneous 
condition for a dis- 
tributed winding is 
represented in Fig. 2. 
But this condition 
is continually chang- 
ing; the magnetic 
poles advance around 
the inner periphery 
of the stator, form- 
ing a rotating mag- 
netic field. The flux 
of each of the six 
poles is most dense 
at the pole center 
and the density 
varies according to 
the sine law. Then when the stator windings are distributed 
in a large number of slots per pole the following relations exist: 

2 

Ba = - 5m=.636 Bm 
T 

and 0=SilBa = ^QS6Si I B^ 

in which Ba = average flux density in the air gap, in lines per 
square inch; 
Bm- maximum flux density in the air gap; 
^ = flux per pole; 
5i = pole pitch, in inches; 
/ = axial length of stator core, in inches. 




Fig. 2 
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12. Induction motors usually have from three to eight 
slots per pole per phase, and the flux density at any instant 
varies somewhat as indicated in Fig. 3, that is, in small steps. 
Moreover, changes in the current affect the form of this flux 
curve, but the form is nearly enough that of a sine wave to 
make the error small when the sine laws are assimied, as is 
generally done in practice. 

13. Magnetizing Current. — ^When an induction motor 
is connected with an alternating-current circuit and allowed 
to run free of load, nearly all the current taken from the circuit 
is required to set up the magnetism in the motor, a very small 
part being required for the power necessary to overcome friction 




PlC. 3 



in the moving parts. The magnetizing component of the no- 
load current is called wattless, because it lags 90° from the 
voltage of the circuit; the power component is in phase with the 
voltage. As nearly all the reluctance of the magnetic circuit 
is in the air gap, and the axial length of this air gap is small, 
variations in this gap, which are almost tmavoidable, with 
ordinary shop methods of manufacture, often make the actual 
no-load current differ considerably from the calculated current. 
For example, if the magnetizing current is calculated for a 
motor having a .03-inch air gap and the motor is made with a 
.033-inch air gap, the increase of .003 inch will make a difference 
of 10 per cent, in the magnetizing current. With low flux 
densities, the magnetizing current, or the wattless component 
of the no-load current, can be calculated by the formula, 
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r_ <Pl,kx 

J.0— 

.86 m 6 nSi I 
in which /«= magnetizing current, in amperes per phase; 

^=flux per pole; 

/^=radial length of air gap, in inches; 

fei= fringing coefficient, a factor to allow for fringing 
of lines of force at the ends of the teeth; 

m = number of phases; 

6=ntmiber of stator conductors per slot; 

n= number of stator slots per pole per phase. 
The fringing coefficient depends on the slot width at the air 
gap and on the ratios of the air gap to the slot width and the 
slot pitch to the tooth width. If the stator and rotor slots are 
closed, or nearly so, ki may be taken at 1 .05 ; if the stator slots are 
open and the rotor slots closed, the value of ki will lie between the 
limits 1.35 and 1.56. With high flux densities, the magnetizing 
current may be from 10 to 20 per cent, larger than found by the 
formula, depending on the density in the teeth and their length. 

Example. — ^The inside diameter of the stator of a 10-pole 3-phase 
25-cycle induction motor is 50 inches, and the axial length of the core 
is 9} inches. The flux per pole is 6X10* lines of force, and the radial 
length of the air gap is .055 inch. The stator has 18 open slots per pole 
with 8 conductors per slot, and the rotor has closed slots. Calculate the 
magnetizing current per phase, assuming that the teeth are long and the 
density in them rather high. 

Solution. — ^The fringing coefficient ki may be taken at 1.5; the number 

of slots per pole per phase n=6; the pole pitch 3%^— — rx = 15.7. 

The values of the others quantities in the formula are clearly stated in the 
problem. The value given by the formula should be increased 20 per cent., 
because of the long teeth and high density, and the factor 1.2 is therefore 
placed in the numerator. Then 

- 5X10'X.055X 1.5X1.2 ofi.,^„ *„, 
^•=.85X3X8X6X15.71X9.75'=^-^^P- ^• 



EFFICIENCT 

14« The usual aim of the designer of an induction motor 
is to obtain the best efficiency possible with the other four 
limiting features satisfactory. Improving the eflSdency beyond 
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a certain point causes some sacrifice of overload capacity, 
starting torque, and possibly of power factor. The efficiencies 
of induction motors compare favorably with those of direct- 
current motors when the quotients obtained by dividing the 
outputs by the speeds are approximately the same. 



FORMULAS FOR INBUCTION-MOTOR DESIGN 

15« The basic formula for induction-motor design is the 
same as for alternator design, namely, 

"" 10« "" 10« 

in which jEp=coimter electromotive force generated in each 
phase; 
^=flux per pole; 
rp= turns in series per phase; 

/= frequency, in cycles per second; 
ku, = distribution factor ; 
A?2 = the product 4.44 k^,^ 
The value of the factor k^ thus depends on the nimiber of 
phases and the number of slots per pole per phase, but, in 
general, it can be taken at 4.25 for three-phase motors and at 4 
for two-phase motors. 

When an induction motor is to be designed, the horsepower, 
speed, power factor, efficiency, line voltage, and the frequency 
are usually specified; the flux per pole and the ntimber of turns 
in series per phase must then be determined so that at normal 
speed and with the calctdated flux densities the counter electro- 
motive force will equal the line voltage less the voltage drop 
due to the resistance of the stator windings. The flux densities 
in induction motors will be satisfactory at or below the follow- 
ing values: 

Part 60 Cycles 26 Cycles 

Stator teeth (maximtim) 95,000 115,000 

Rotor teeth (maximum) 125,000 150,000 

Stator core (average) 65,000 85,000 

Rotor core (average) 95,000 105,000 

Air gap (maximum, Bm) 35,000 35,000 
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16« A formula miist now be developed for determining the 
cylindrical inches (diameter squared times length) of the stator 
core surface. In this development the symbols have the 
meanings given in the foregoing discussion, and additional 
symbols are used as follows: 

7 p = niunber of amperes per phase ; 

Cp = number of conductors per phase = 2 Tp; 

P = apparent watts input; 

(/ = diameter of stator-core face, in inches; 

nt I C 

AT = number of ampere-conductors per inch = ——. 

T d 

The basic formula of Art. 15 can now l?e written Ep = — —. 

2X10« 

Also, P = m Eplp= ^— ^ ^ '. in which m IpCp, the total 

'^ "^ 2X10« '^ "^ 

ampere-conductors, can be represented by K ird. The fre- 

P S 
quency/= —-, and the flux per pole ^=pole face areaX-Ba 
120 

Trdlj^ irdl2 p 2dlBn. 

p P fr p 

Then, 

K.dk.X^''-^--X^-^ 

p l20_ird'lk2KSB^ 



P=- 



2X10« 120X10« 

120X10* P 38.2X10«P 



and cP/ = 

TrhKSBm k^KSBn, 

The cylindrical inches thus determined are accurate for small 
motors, but should be decreased from 7 to 10 per cent, for large 
60-cycIe motors and from 15 to 20 per cent, for large 25-cycle 
motors. 

17. In the formula of Art. 16, the factor k% has the values 
given in Art. 15, the quantities K and5m are assumed from 
experimental data, the speed 5 is always specified in the con- 
ditions given the designer, and the apparent input in watts 
is calculated from the specified horsepower, efficiency, and power 
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§ 64 ALTERNATING-CURRENT MACHINES 11 

factor; thus, P= '- — '■ . For motors of 

efficiency X power factor 

moderate size the product of efficiency times power factor is 

approximately .746, making P= 1,000 H. P., or P-i- 1,000=H. P. 

As P-T- 1,000 =kilovolt-amperes, it is not uncommon to assume 

that the input in kilovolt-amperes is equal to the output in 

horsepower. 

DESIGN OF A SOO-HORSEPOWER INDUCTION 
MOTOR 



8TATOR DESIGN 

18. To illustrate the electrical calculations required in the 
design of induction motors, the design of a motor will be worked 
out for the following specifications: Output, 600 horsepower; 
synchronous, or no-load, speed, 300 revolutions per minute; 
supply circuit 2,200 volts, 25 cycles, three phase; maximtim 
temperature rise 40° C. with full load continuously and 55° C. 
after carrying 25 per cent, overload 2 hours; maximum momen- 
tary overload 75 per cent. ; maximtim starting torque not less 
than two times full-load torque; efficiency not less than 92 per 
cent, at full load, and power factor not less than 91 per cent. 
The motor will have two bearings and be coupled to a line shaft. 

The formulas for determining the ntimber of poles, number 
of cylindrical inches, the peripheral velocity, etc. are applied 
to the stator as though it were to rotate. 

-la a>u ^ ^ . . u ^ 120/ 120X25 
19« The number of poles must be p = - = 

5 300 

= 10. * 

The apparent input at full load will be P = ^^^^^^ = 446,000 

.y^x .yi 

watts, and the full-loacl current input will be 



V3X2,200 
= 117 amperes. 

20. The number of cylindrical inches will be approxi- 
mately 80 per cent, of the ntmiber given by the formula (P I 

283-24 
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12 DESIGN OF § 64 

^ 38.2Xl(yP ^^^ average values 7^=1.100 and 5^=32,500. 

and the known values of P, ki, and 5 are substituted. Thus, 

-, 38.2 X10»X 446,000 ^^ ^^.^ . ^, 

(P I = X .8 = 30,000, approximately 

4.25X1,100X300X32,500 

The diameter should be chosen first, with a view to using the 
same punchings for motors of different outputs by simply 
making the cores of different lengths. The pole pitch S» and 
length / depend on the diameter chosen, and the diameter 
should be such that the lengths of the different cores using 
this diameter may be between the limits .755,- and 2 Si. Large 
diameters are desirable, but care must be taken that the periph- 
eral velocity is not excessive. In this case the value 
d=50 inches will be chosen, making the peripheral velocity 

— X300 = 3,930, which is not too high. Then, gP / = 50X50X/ 
12 

= 30,000, and / = — ^ = 12 inches. S.- = — = 15.7 mches, and 
2,500 10 

/=.7645i. 

21. The number of stator slots per pole in induction 
motors usually is made 12 or 18 so that the stator can be wound 
for either two-phase or three-phase circuits. The larger num- 
ber will be chosen here, because with 50. inches diameter the 
teeth will still be large enough to carry the flux without exces- 
sive densities. The total ntunber of slots will be 180, and the 

50 w 

slot pitch will be = .873 inch. 

180 

22. The number of stator conductors will depend on 
the method of connecting them, that is, whether the connec- 
tion is star or delta. Star connection will require fewer con- 
ductors of larger size and will be tried. The number of con- 

ductors per slot will then be — Xslot pitch, or approximately 
— X. 873 = 8.2. Eight conductors per slot in two layers will 
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§ 64 ALTERNATING-CURRENT MACHINES 13 

\ye used, each coil having four turns. The ntimber of ampere- 
conductors per inch with eight conductors per slot will be 

f\= = 1,070. The number of turns in series per phase 

.873 

1QA 

willberp = --X4 = 240. 
3 

23. The flux per pole can now be determined by the gen- 
eral formula Ep = — ~, or = -. With star connec- 

10» kzTpf 

tions, the counter electromotive force generated in each phase 

... , ^ 2.200 -^ 10^X2,200 Ant^fMv^v 

will be Ep= , -, and ^ = r- = 4,990,000 Imes 

V3 4.25X240X25XV3 

of force, approximately. 

24. The construction of tlie stator core is indicated in 
Fig. 4. The axial length of the core pimchings must be 12 inches 
and outside the ptmchings at each end is a |-inch finger plate, 
making the over-all length of the core 13§ inches. Six f-inch 
ducts are placed so that the core laminations will be in two 
IJ-inch blocks and five IJ-inch blocks. 

25. The widtli of the stator teeth must be such that 

the maxim.um flux density in the teeth Bt will be approximately 

115,000 lines per square inch, making the average density 

.636X115,000 = 73,140 lines per square inch. There are 

18 teeth per pole, and the combined areas of their ends must 

4 QW 000 
be - — - - = 68 square inches. The gross axial length of the 
73,140 ^ 5 t> 

laminations is 2Xlf+5XU=9|. and the net length is about 
.9X9.75 = 8.78 inches. The width of each tooth must then be 

approximately = .43 inch, leaving .873 — .43 = .443 inch 

loXo.7o 

for the slot. In this case the slot width will be made .445 inch 

and the tooth width .428 inch, making the maximum density 

in the teeth Bt = - - ~ = 1 16,000 lines per square 

.636X18X8.78X.428 

inch. 
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14 DESIGN OF § 04 

26* The insulation on the stater coils and the space 
reqtiired in the slot are as follows: 

Material Width Depth 

Inches - Inches 

1 layer .005-inch staybinding, butt joint in the 

slot. 012 .012 

1 layer .005-inch varnished doth half lapped. . . .024 .024 

1 ttim .015-inch flexible mica lapped on top 030 .045 

2J turns .007-inch fish paper .0^ .035 

Total space required in slot 108 .116 

Note. — ^The staybinding and the varnished cloth swell to .006 inch 
when impregnated. 

27. The dimensions of tlie stater conductors will be 
chosen with a view to arranging them one wide and eight deep 
in the slot, four conductors in each coil. The cotton covering 
on the conductor will occupy .016 inch, the coil insulation 
.108 inch; an allowance of .025 inch should be made for an over- 
sized conductor, and an allowance of .035 inch clearance between 
the coil and the sides of the slot, making a total of approxi- 
mately .184 inch difference between the width of bare copper 
and the width of the slot. The width of the conductor will, 
therefore, be about .445— .184 = ,261 inch. 

The cross-section should be approximately 700 circular mils 
per ampere, or 117X700 = 81,900 circular mils. No. 2 square 
wire is .2576 inch on a side and with beveled comers has a sec- 
tional area of 81,500 circular mils. The current density with 
this wire will be 81,500-5-117 = 696 circular mils, and the kilo- 

. , J. 1,000,000 - Q« 

amperes per square mch /* = =1.83. 

.7854X696X1,000 

28. The slot depth must be sufficient to contain two sides 
of coils, each side containing four double-cotton-covered con- 
ductors measuring .2576+. 016 = .2736 inch over the insula- 
tion. The coil insulation will be .116 inch, a clearance of 
.05 inch will be allowed for each coil, and the slot wedge will 
occupy .1 inch, making the total depth required for two sides 
of coils, clearance, and wedge 2X(4X.2736+.116+.05)+.l 
= 2.62 inches. 
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§ 64 ALTERNATING-CURRENT MACHINES 15 

29. The lieating of the stator colls can now be checked 
by the formula P« = ^ a o k ^ ^ which the kiloamperes per 

inch of inside armature circumference ka=— = 1.07, the 

1,000 

slot pitch ^0=873, /ifc=1.83, the slot width iy=.445, and the 

slot depth under the wedge D = 2.52. Then, the watts per 

square inch of coil surface dissipated as heat will be 

p ^ .395X1.07X.873X1.83 ^ 227 

.445+2.52 

This is a low rate of heat dissipation, and an experienced 

designer will know that the temperature of the conductor will 

not be excessive. However, the excess of this temperatiu^ 

above that measiu*ed by a thermometer can be checked by the 

P O 
formula r=-^— , in which the thickness of insulation may be 
.003 

taken as half the difference between the widths of the 

445— 2576 

slot and the conductor, or O — '- '- = .0937. Then, 

2 

7=: : =7.1° C, and when a thermometer applied to 

.003 

the stator core shows a temperature rise of 40° C. above that of 
the surrounding atmosphere at 25° C, the conductor tempera- 
ture will still be considerably below the safe maximum limit. 

30. The depth of the stator core back of the slots must 

be enough to carry — '- = 2,495,000 lines of force at a den- 

sity not exceeding 85,000 lines per square inch. The cross- 
section must therefore be not less than — — =29.4 square 

85,000 

inches. The net length of the core is 8.78 inches, and the 

29 4 

minimum depth must be — ^- = 3.35 inches. It will be made 

8.78 

3.38 inches, making the total thickness of the core and the 

teeth 3.38+2.62 = 6 inches. The outside diameter of the core 

will be 50+2X6 = 62 inches. 
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PHASE-WOUND ROTOR DESIGN 

31 • The outside diameter of the rotor will be made 
as large as may be and leave safe mechanical clearance, or air 
gap, between the rotor and the stator. For a 50-inch stator 
the minimum safe clearance is .055 inch, and the rotor diameter 
will then be 50 - 2 X. 055 = 49.89 inches. 

32. The number of rotor slots can be chosen between 
fairly wide limits, but best results will be obtained if this num- 
ber is five-sixths of the number of stator slots, or, in this case, 
iX 180= 150, or 15 per pole. The function of the rotor wind- 
ing is to provide paths for the induced current, and the smaller 
the ntmiber of conductors the larger must be their size in order 
to carry this current without overheating. Too few rotor slots 
and conductors would necessitate the use of conductors so large 
as to localize the heating too much, while too many slots would 
make the construction unnecessarily expensive. 

33. The rotor core can be made of .025-inch punchings, 
and only alternate punchings need be japanned, because the 
frequency with which the magnetic density changes in this 
core is very low, and the eddy-ciurent loss as compared with 
that of the stator will be small. The net length of steel in the 
rotor core will therefore be about 95 per cent, of the gross length. 
The rotor slots should be shallow so that the conductors will be 
near the surface. The magnetic leakage will thus be mini- 
mized and the power factor improved. 

The slot pitch at the rotor surface will be — '- '- 

150 

= 1.045 inches, and the slot width may be approximately half 

of this, or, say, .53 inch. Of this width, .14 inch should be 

allowed for insulation and clearance, leaving .39 inch for 

conductor. 

34. The rotor winding will be of the two-layer wave 
type with two conductors per slot, full-pitch coils, star con- 
nected. The secondary voltage with the rotor at rest and 

150X2 

2.200 volts applied to the stator terminals will be £, = 

180X8 
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§ 64 ALTERNATING-CURRENT MACHINES 17 

X 2,200 = 458.3. The full-load output in watts is 500X746 
= 373,000, and the rotor power factor will be about .93. The 
secondary current 7, in each phase can be calculated from 

the fact that VS /.£.X. 93 = 373,000, or /. = - ^ 

V3X 458.3 X. 93 

= 506 amperes. 

The current density in the rotor conductors may be made 
approximately 2,200 amperes per square inch, for which a cross- 
section of 506-^2,200 =.23 square inch, is required, and this 
cross-section divided by the asstmied thickness, .39 inch, gives 
.59 inch as the depth of the conductor. Best results will be 
obtained if the conductor is made of thin strips, say three 
strips .1 in.X.6 in. and one strip .09 in.X.6 in. The cross- 
sectional area will be .39 X. 6 = .234 square inch, and the cur- 
rent density 506 -r .234 = 2, 160 amperes, or 2.16 kiloamperes, 
per square inch. 

35. The slot deptli must, in this case, be enough to con- 
tain two sides of coils made of .6-inch conductor with, say, 
.125-inch insulation, and about .1 inch must be allowed for the 
overhang of the teeth above the winding, making the total 
depth 2X(.6+.125) + .1 = 1.55 inch. 

36. The flux density in the rotor-tooth roots should be 

checked. The rotor diameter at the tooth roots will be 49.89 

— 2X1.55 = 46.79 inches, and the slot pitch with this diameter 

.„ . 46.79X3.1416 ^^ . , , . ^, . . . ,^, 

will be = .98 mch, making the mmmium width 

150 

of a tooth .98- .53 = .45 inch: 

The axial length of the rotor core, excluding the finger plates, 
will be made the same as the stator core, 12 inches, as indi- 
cated in Fig. 4, and the number of ventilating ducts will be the 
same, namely, 6. But to allow for end play of the rotor, each 
of its ducts will be made i inch wide, making the combined 
widths of the ducts 3 inches. The gross length of laminated 
core will be 9 inches, and the net length 9 X. 95 = 8.55 inches. 
The combined sectional areas of the 15 tooth roots under each 
pole will be 15X.45X8.55 = 57.7 square inches. The maximum 
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18 DESIGN OF § 64 

fltix density in these roots, neglecting leakage, will be Bt 

4 990 000 

= — '- = 136,000 lines per square inch, which is satis- 

67.7 X. 636 1- -1 

factory. 

37. The internal diameter of the rotor core should be 
selected so as to leave enough metal to make the flux density 
about 100,000 lines per square inch. The core section should, 

therefore, be — '- '■ =24.95 square inches, and as the net 

2X100,000 

length of iron in the core is 8.55 inches, the depth imder the 

slots must be approximately 24.95^8.55=2.92 inches. The 

internal diameter would then be 46.79-2X2.92 = 40.95; it 

will be made 41 inches, making the core density 101,000 lines 

per square inch. 

8QUIRREI/-CAOB BOTOR 

38. Either a phase-woimd rotor or a squirrel-cage rotor 
can be used in an induction-motor stator. The outside and 
inside diameters of the rotor punchings and the number of 
rotor slots can be the same in both cases, but the size of the 
rotor slots must be suited to the winding. 

Let it be assumed that a squirrel-cage rotor is to be designed 
for the stator already designed and that this rotor is to start 
with 20 per cent, of fuU-load torque when the starting voltage 
is 40 per cent, of full-rated voltage. 

39. The rotor bars will be designed for the current that 
will be necessary to make the total number- of ampere-con- 
ductors on the rotor about 4 per cent, less than the total num- 
ber on the stator, because the rotor carries no current corre- 
sponding to the magnetizing current in the stator conductors. 
The effective current in each rotor bar, of which there is one 

1^ 11 ^u ^ .96X180X8X117 - ^^ 
per slot, will therefore average =1,080 

amperes. These bars will need little insulation, and heat can 
escape from them readily; therefore, the current density in 
them can be made approximately 3,000 amperes per square 
inch, for which a sectional area of 1,080 -5- 3,000 = .36 square 
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inch is reqiured. If the section is made .6 inch square, the 
teeth will be too thin, as the slot pitch at the rotor surface is 
only 1.046 inches. Bars .55 in.X.65 in. will therefore be used, 
and the slots will be made .6 inch wide and .8 inch deep, .1 inch 
of this depth being the allowance for overhang of the teeth 
to hold the bars in place. 

The total length of each rotor bar will be 21 inches, and the 
effective length between centers of the end rings will be approxi- 
mately 19.5 inches. The sectional area of each bar in circular 

., . .65X.55X10* .t,^ru^r^ ^ u. '^ ^ i u 

mils IS =455,000, and its resistance at 1 ohm 

.7854 

19 5 

per circular-mil inch will be '- — ohm. 

455.000 

40. Theslot pitch at the toothrootsis^ — '■ — '■ 

150 

= 1.01 inches, and the minimum tooth width is 1.01 — .6 
= .41 inch. The maxlmam flux density in the tootli 

roots is, therefore, 5*= '■ -=149,000 lines per 

.636X15X. 41X8.55 

square inch, which is within practicable limits. 

The calculation of the flux density in the rotor core is imneces- 
sary, because the slots are not as deep as for the phase wind- 
ing and the core density will therefore be lower. 

41. The size of the end rings will depend on the mate- 
rial of which they are made and on the loss in them. The slip 
of such a motor at full load should be between 3i and 4 per 
cent, and the energy loss in the rotor winding will be the same 
percentage of the full-load output, 373,000 watts, or, say, 
14,500 watts. The rotor current per bar is 1,080 amperes, 

19 5 

the resistance per bar '■ — ohm, and the number of bars 150. 

^ 455,000 

rru 1 • *u u .„. 1,0802X19.5X150 ,--^ 

The copper loss m the bars will be =7,500 

^^ 455,000 

watts, leaving 14,500—7,500 = 7,000 watts for the end rings. 

The end rings are a little less in diameter than the rotor core 

and the slot pitch for the end rings may be taken as .96 inch. The 
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length of the cturent path in the end ring between adjacent bars 

may be taken at .9 X. 96 = .864. or, say. .86 inch. Copper end 

rings with resistance at 1 ohm per circular-mil inch would have 

u^ u J? -86 .86X.7854 

resistance between bars R = = . 

circular mils 10* square inches 

By the fonnula of Art. 8, ;;^ 5/^X/'J? loss in both rings 

^. .86X.7854 5fXPRloss . ^. . ^ 

Then, =-^ , and the approxmiate 

10* square inches A^' /*« 

sectional area in square inches is 

.86 X. 7854 A^^ 7'. _ .86X.785 4X 150»X1,08(F _ ^g 

10«X5/>2xP/?loss 10«X5X1>X7,000 

The rings will be made of hard-rolled copper | inch by 2 

inches in cross-section. 

42. Power Factor. — ^The magnetizing current of an induc- 
tion motor lags 90 electrical degrees behind the line voltage and 
remains practically constant in value at all loads. The power 
component of the no-load current is very small and is in phase 
with the line voltage; this component is required to make up the 
steel and friction losses, called fixed losses, because they remain 
practically constant at all loads. The copper losses, which are 
almost negligible at no load, vary with the square of the current. 

The power factor at no load is therefore very low, as can be 
proved by measuring the watts, volts, and amperes input 
when the motor is running idle, and then dividing the watts 
by the volt-amperes. If these measurements are repeated 
with the motor loaded, it will be found that the power factor 
increases as the load is increased, this increase being due to the 
increased power component of the current. 



CIRCLE DIAGRAM 

43. The performance of an induction motor can be well 
represented by a circle diagram, also frequently called a 
Heyland diagram after the mathematidari who first demon- 
strated its use By constructing such a diagram when design- 
ing a motor, the designer can predict very closely the current and 
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22 DESIGN OF § 64 

torque conditions, the efficiency, and the power factor. Such a 
diagram for the squirrel-cage motor here being designed is shown 
in Fig. 5 and the method of constructing it will be explained. 
The appearance of the diagram for the phase-wotmd motor as 
well as the method of construction is approximately the same. 

44. Let the vertical line oa represent an instantaneous 
direction of the applied voltage. A scale is chosen such that 
a given distance in any direction on the diagram represents a 
certain value of primary, or stator, current. In this case, let 
one side of a small square represent 10 amperes. From the 
point o a horizontal base line of indefinite length is drawn. 
Parallel with this line and at a distance above it representing 
the component of the stator current required to meet the fixed 
losses is drawn the fixed-loss line b b\. 

In order to locate the fixed-loss line, the steel losses must be 
calculated as for an alternator. The weight of steel in the 
stator teeth will be about 550 poimds and in the core about 
1,950 pounds. The loss in the teeth will be approximately 
6 watts per pound and in the core 2.5 watts per pound. These 
values are a little higher than those indicated in Fig. 39, Design 
of Alternating-Current Machines, Part 1, owing to the small air 
gap and the high frequency of the tooth pulsations in an induc- 
tion motor. The steel loss in the rotor at full speed will be 
small, because the frequency will then be very low. The fric- 
tion and windage loss in a machine of this size and speed, 
together with the small steel loss in the rotor, may be assumed 
at 3,000 watts. The total fixed losses will be 550X6+1,950 
X2.5+3,000 = 11,175, or, say, 12,000 watts. The primary cur- 

12 000 

rent equivalent will be —j=-^ =3.15 amperes, which is rep- 

"YSX 2,200 

resented by the distance between the base line and the fixed- 
loss line. 

45. In the example of Art. 13, the conditions assumed 
are those of the phase-wound motor under consideration here, 
and the magnetizing current was found to be 26.4 amperes. 
For the squirrel-cage motor the magnetizing current will be 
about 26 amperes, and a distance oc is laid off on the base 
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line proportional to this current. From c a perpendicular is 
erected to the fixed-loss line at b and the line ^fc is drawn. 
This line represents the no-load current, which lags by an 
angle 4> behind the voltage. 

46. The drde diagram of an induction motor can readily 
be drawn from experimental data by first observing the value 
and phase position of the no-load current and drawing its 
vector, as 6, Fig. 5. The circle and the fixed-loss line will 
intersect in this point. The current and its phase relation 
are then measured at one or more additional loads; the ends 
of the current vectors thus formed will be in points, as /, 
2y . , , , 6, through which a semicircle can be drawn from a 
center on the fixed-loss line. 

47. When designing a motor, however, the diameter of the 

circle may be taken as equal to the quotient — — . 

leakage factor 

The leakage factor depends on the dispersed magnetic flux 

that surrounds either the primary or the secondary conductors 

alone. The larger this niagnetic leakage, or dispersion, the 

larger will be the leakage factor and the greater will be the 

reactance of the windings. After a motor is completed 

and its circle diagram drawn from experimental data, 

its leakage factor is known, because it is equal to the quotient 

magnetizing current 

diameter of circle 

In most cases the leakage factor will lie between the values .03 

and .08. It is equal to the quotient — ^-J- — - where C is a 

pole pitch 

coefficient with limiting values 10 and 20. Experience with 
other motors will soon teach a designer to estimate the value 
of this coefficient for any given machine. For the squirrel- 
cage motor now being designed it may be taken at 11 and for 
the phase- wound motor at 15. The air gap is .055 inch and 
the pole pitch 15.7 inches; therefore, the leakage factor is 

.055X11 ^^Q- . ., . , ^ ^ A .055X15 

= .0385 for the squirrel-cage motor knd 

15.7 ^ 15.7 
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= .0525 for the phase-wound motor. The cirde diameter 

26 

should therefore represent = 675 amperes for the squirrd- 

.0385 

26 4 

cage motor and — ^-=503, or, say, 500 amperes, for the phase- 

wound motor. The semicircle. Fig. 5, is therefore drawn with 
a center oi and a raditis oi b representing 675 -r- 2 amperes. 

48. Copi)er Losses. — ^The stator winding is in 180 slots 
with eight conductors per slot, and the conductor section is 
81,500 circular mils. The mean length of turn is 78 inches, 
and the resistance at 1 ohm per circular-mil inch will be 

=.69 ohm. The maximum current, 675 amperes, 

2X81,500 

would therefore cause maximum stator loss of 675* X. 69 

=314,000 watts, and the equivalent primary current com- 

, . 314,000 Q^_ 

ponent per phase is -p^ = 82.5 amperes. 

V3X2,200 

With a center at o and a radius equivalent to 675 amperes, 

draw an arc intersecting the semicircle at d and the fixed-loss 

line at di. Draw the line de perpendicular to the fixed-loss 

line, and from e lay ofiE on this perpendicular a distance ef 

equivalent to 82.5 amperes. Draw the stator-loss line bf. 

49. The rotor winding is designed for a copper loss of 

14,500 watts at full load, 117 amperes. At 675 amperes the 

675* 
corresponding loss would be X 14,500 =483,000 watts. 

With the rotor locked and full voltage applied to the stator, 
the rapid flux changes in the rotor would cause a stray loss 
in the rotor steel and in the rotor conductors amoimting to 
probably 50 or 60 kilowatts. The total rotor loss at the lock 
point will therefore be approximately 540,000 watts, corre- 
sponding to — -_ — ' = 142 amperes stator current. From the 

V3X2,200 "^ 

point /, Fig. 5, lay off a vertical distance / g representing 
142 amperes and draw the total-loss line b g. 
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50. starting Torque. — The vertical distance between the 

stator-loss line and the total-loss line represents the input to 

the rotor, which is proportional to the starting torque. For 

example, the distance hi scales 137 amperes, indicating 

137XV3X2,200 ^^^ , , . ^ ^ x- 
^ = 700 synchronous horsepower input to tne 

rotor at the lock point with full voltage applied to the stator. 
If the motor is started with full voltage, the stator current 
will be as represented by the distance oh, which scales 660 
amperes, or approximately 5.64 times the asstmied full-load cur- 
rent of 117 amperes. The maximum input to the rotor is indi- 
cated by the distance jk, which scales 297 amperes, corresponding 
to 1,515 synchronous horsepower. The point ; is located where 
a tangent to the curve is parallel to the stator-loss line. 

The motor was specified to develop 20 per cent, of full-load 
torque with 40 per cent, of full voltage, or a torque eqtdvalent 
to .2X500=100 horsepower at synchronous speed. Since the 
torque varies as the square of the applied voltage, the starting 

torque with full voltage, 100 per cent., must be equivalent to 

(jOO\ 2 
— j X 100 = 625 synchronotis horsepower. The 700 horse- 
power indicated by the circle diagram will leave ample margin 
for stray losses when starting. 

51. Pull-Out Torque. — The vertical distance between the 
total-loss line and the curve represents the rotor output, in 
terms of stator current. With the assumed full-load current, 
117 amperes, represented by the distance o 4, Fig. 5, the rotor 
output is represented by the distance / 4, which scales about 
100 amperes, indicating approximately 510 synchronous horse- 
power; this shows that the assimied full-load current is a little 
too large. If the load on the motor is increased, the full-load 
point rises higher on the curve, and the output increases. With 
an input o 6, the output becomes maximiun and is represented 
by the distance 6 m, which scales 238 amperes, indicating 
approximately 1,215 synchronous horsepower. 

This is the break-dotvn horsepower of the motor, and the torque 
corresponding to it is the pull-out torque. If the load is increased 
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bseyond this point the motor will stop, the current input will 
increase to a value represented by the distance oh, and all 
the input will be converted into losses. Under such a condition 
the motor would probably biun out immediately if a circuit- 
opening device did not operate; in fact, the increase of load 
even to the pull-out point would injiu-e the motor tmless the 
increased load were of very brief duration. 

52. Effect of Resistance In Rotor Circuit. — ^By 

increasing the resistance of the rotor winding, the lock point h 
can be carried back toward the point of maximum rotor input 
at y, thus enabling the motor to start a given load with less 
current input. Increasing the resistance of a squirrel-cage 
rotor, however, increases the losses and the heating while the 
motor is operating, and thus lowers the eflRciency. The chief 
advantage of a phase-wound motor is the possibility of starting 
with high rotor resistance and cutting resistance out of the 
rotor circuit as the speed accelerates. Such motors can there- 
fore be made to start heavy loads with less starting current 
than is required by squirrel-cage motors. The chief dis- 
advantage of such motors is the higher cost of construction. 

63. Power Factor and Efficiency. — ^The power factor 

with any current input can now be calculated from data given 
by the diagram. From the point o a distance proportional 
to the current input gives a point on the circle, and the dis- 
tance from this point to the base line represents the power 
component with the given input. The power factor is equal to 
the power component divided by the total input. Points on 
the curve of power factors may be found for inputs of 38, 60, 
86, 117, and 145 amperes, which represent approximately 
I, i, J, full, and IJ load, respectively. With a center at o 
and with radii proportional to these currents, points ly 2, S, 
4, and 6 are located on the curve. The amperes represented by 
the vertical distances of these points from the base line are 27, 
52.5, 79, 111, and 137, and the corresponding power factors 

are ?^ = .71, —- = .875, - = .918, —=.949, and —=.945. 
38 60 86 117 145 
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54. The efficiency can be obtained more\acciirately by 
calculating the losses rather than by scaling them from the 
diagram, Fig. 5, since the vertical distances from the base line 
to the total-loss line cannot be scaled accurately at working 
loads. The stator resistance is .69 ohm, and the copper loss 
in the rotor at full load, 117 amperes, is 14,500 watts. From 
these ntmibers can be calculated the copper losses at any load. 

For example, at } load, the rotor P R loss will be = , 

117« 14,500 

86^X14,500 .^^^ . ^ 1 ' n^u 1 t- 

or^ = =7,830, approximately. These looses phis 

the fixed loss, 12,000 watts, give the total loss, and this total 
loss taken from the input gives the output. The efficiencies can 
be calculated from the data on input and output, as shown in 
the following tabulation: 



stator current/... 38 


60 


86 


117 


145 


Power factor, cos ^ .71 


.875 


.918 


.949 


.945 


Input, yjS IE cos if, 103,000 


200,000 


301,000 


423.000 


522,000 



Stator /»i? loss... 1,000 2,485 5,100 9,450 14,500 

Rotor /«i? loss.... 1,530 3,810 7,830 14,500 22,300 

Fixed loss 12,000 12.000 12,000 12,000 12,000 

Output, watts ... . 88,470 181.705 276,070 387,050 473,200 

Efficiency, percent. 85.9 90.9 91.7 91.5 90.7 
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SYNCHRONOUS MOTORS 



DESIGN OF AN 800-HORSEPOWER SYNCHRONOUS 

MOTOR 

65. The design of a synchronous motor follows the same 
general lines as the design of an alternator except that the 
squirrel-cage winding on the rotor is designed like that of an 
induction motor. The specifications submitted to the designer 
usually cover output, speed, number of phases, frequency, volt- 
age, power factor, efficiency, exciter voltage, temperature 
limits, overload capacity, starting torque, and starting ciurent. 

The designer first calculates the input in kilovolt-amperes 
corresponding to the specified horsepower, efficiency, and power 
factor, and then proceeds to design an alternator for this niun- 
ber of kilovolt-amperes output. If the overload capacity is to 
be large, the alternator is designed for good regulation; other- 
wise, the design will be for poorer regulation. 

56. For example, suppose that a synchronous motor of the 
revolving-field, salient-pole type is to be designed for 800 horse- 
power output, 450 revolutions per minute on a 3-phase, 60-cycle, 
2,150-volt circuit, with 90 per cent, power factor and leading 
current, 94 per cent, efficiency at full load, 120 volts excitation, 
35° C. maximiun temperature rise, overload capacity 2J times 
full load, and starting torque 45 per cent, of full-load torque 
at synchronous speed without taking more than 1.2 times full- 
load kilovolt-amperes from the line when starting with the aid 
of autotransformers. 

57. The approximate input at full load will be 
= 705 kilovolt-amperes and the overload capacity 



.9X94X1,000 

is large; hence, the design of an alternator with good regulation 
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will be worked out for this output. The general method will 
be precisely the same as followed when designing an alter- 
nator, and only a general outline of the calculations will accord- 
ingly be given. The following assumptions will be made: 
Density in air gap; Bg = 45,000 lines per square inch. 

Ratio — = 70 per cent. 

pole pitch 

Number of ampere-conductors per inch of armature circum- 
ference AT =465. 

Distribution factor ifett, = .96. 
Pitch factor ko^l- 
Then, 
^,^_5.4 8X10«P _ 5.48X10«X705,000 ^qiqqq 
%BgKSK .7X45,000X465X450X.96 

58. The diameter d will be made 65 inches, and the length / 
will be 14i inches, making d2/ = 6x,260, and the peripheral 

velocity — X 450 = 7,660 feet per minute. The number of 

- ^ 120/ 120X60 ,^ -^, 1 -^1,. 65t .^^^ 

poles p = ~ = = 16, and the pole pitch is = 12.75. 

5 450 16 

The pole arc will be 12.75 X. 7 = 8.925, or, say, 9 inches. The 

number of slots per pole per phase will be made 3, giving 9 slots 

65 X 

per pole and 144 slots in all. The slot pitch /«= =1.42 

144 

inches. The slot width will be made .6 inch and.the minimum 

tooth width is 1.42 -.6 = .82 inch. 

69. The active flux per pole will be C^=14jX 9X45,000 

= 5,870,000 lines of force. The armature windings will be delta 

^A At? oir^ 4.44X5,870,000xrpX60X.96 - 

connected, and-Ep = 2,150 = ~ , from 

10« 

which the number of turns per phase rp = 143, or, say, 144, 

making nine turns per pole per phase and six conductors per 

slot. 

The total kilovolt-amperes is 705 = 3 Eplp\ and the current 

per phase /p= — =109.3 amperes, and the current per 
o X^jloU 
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terminal 109.3 xV3 = 189 amperes. The actual ntimber of 
ampere-conductors per inch of armature circumference is 
^^109.3X6X144^^^3 
65t 

60. The conductors will be arranged six deep in the slots 
and .2 inch of the slot width will be allowed for insulation, 
leaving .4 inch for the width of conductor. For 1,800 amperes 
per square inch, 109.3 -^ 1,800 =.061 square inch of conductor 
section will be needed, making the required depth of conductor 
.061-T-.4 = .1525 inch. The conductor will be made of two 
strands of rectangular copper rod .16 inch by .2 inch. The 
number of kiloamperes per square inch will be 

/. '^ =1.71 . 

2X.16X.2X1,000 

61. The conductors will occupy 6 X. 16 = .96 inch in slot 

depth; .64 inch will be allowed for insulation, and .2 inch for 

a slot stick, making the depth D under the stick 1.6 inches 

and the total depth 1.8 inches. The number of kiloampere- 

conductors per inch of armature circumference is fea=.463, 

and the number of watts per sqtiare inch of coil surface will be 

^ .395katoIk .395X.463X 1.42X1.71 ^^ . -. ^. ^, 
p = = = .202, mdicatmg the 

W+D .6+1.6 

excess temperature of the conductor above the temperature 

measured on the core surface T=-^^^'- ^ = 13.5** C, 

.003 .003 

approximately. 

62. The armature core will contain four i-inch air ducts, 
as indicated in Fig. 6, and at each end will be a f-inch finger 
plate, leaving 14.5— 4Xi — 2Xi = ll inches for ptmchings, of 
which 90 per cent., or 9.9 inches, will be net steel. The slot 

pitch at the tooth roots is — — =1.5 inches, and the 

^ 144 

average pitch is — ^- = 1.46 inches. The average tooth 

width is 1.46 — .6 =.86 inch, and the number of teeth opposite 
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g 
each pole is X9=6.35. The average fliix density in the 

teeth is ' =109,000 lines per sqtiare inch, approxi- 

6.35X. 86X9.9 

mately. 

The outer diameter of the stator core will be made 79 inches, 

making the core depth back of the slots ^^ — 

= 6.2 inches. The core density will be 5^70,000 ^gyqQQ 

2X5.2X9.9 
lines per square inch. 

63. The mean length of a turn of the armature winding 
is approximately 66 inches, and the sectional area of the con- 
ductor is '- '■ = 81,500 circular mils. At 1 ohm per 

.7854 ^ 

circular-mil inch the hot resistance of the armature will be 

144X66 
approximately =.115 ohm. The voltage drop in each 

phase, due to resistance, will be 109.3 X. 115 =12.6, and the 
/*jR loss in the three phases at full load will be 3X109.3X12.6 
=4,130 watts. 

64. The number of gap ampere-turns should be about 
2.6 times the number of armature ampere-ttuns per pole, or 
2.5 X .707 m T„ /p = 2.5 X .707 X 3 X 9 X 109.3 = 5,200. 

p ofin 

The length of the effective air gap must be '- = .37. 

.313X45,000 

The minimum air gap at the pole center will be made .27, 

and the pole will be chamfered so that the average actual 

gap will be .325 inch. When the correction is made for the 

bimching of the lines at the teeth the effective air gap will be 

.37 inch. 

65. The dimensions of the field poles can be closely approxi- 
mated, the leakage calculated, and the dimensions then cor- 
rected if necessary, as is done in the design of an alternator. 
The leakage will be foimd to be about 17 per cent, with the pole 
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dimensions shown in Fig. 6, and the total flux per pole will be 
5,870,000X1.17 = 6,870,000 lines of force. The axial length of 
the entire pole core is 13J inches, and the laminated part is 
12 inches. The net steel can be taken at 93 per cent., or 
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Ampere-JUms per Field Pole 
Fig. 7 

.93X12 = 11.16 inches. The pole waist is 6 A inches, making 
6.870,000 



the density 



; = 99,500 lines per square inch. 



11.16X6.1875 

The radial length of the pole core will be made 6i inches, 
of which approximately f inch will be taken by the insulating 
collars at the coil ends, leaving about 6 inches for the coil. 

66. Outline drawings are now laid out as in Fig. 6 and the 
no-load saturation curve calculated and drawn as in Fig. 7. 
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This curve shows that 6,100 ampere-tiims are reqiiired to set 
up 2,150 volts at the normal speed. With this excitation the 

T Y 

current in each phase on short circuit would be Ip= — - — — 

kefn Tpp 

f\ inn 

! = 266 amperes, and the short-circuit current in 

.85X3X9 "^ 

each terminal of delta-connected phases would be '^X266 

=460 amperes. This current represents the maximum input 

to the motor when it pulls out of step. The full-load input is 

109.3 amperes per phase, or 189 amperes per terminal. The 

Afifi 

overload capacity is therefore = 2.43 times full load, which 

is slightly more than specified. 

67. The short-circuit characteristic, Fig. 7, is drawn from 
the origin through the point determined by the coordinates 
6,100 ampere-turns and 460 amperes. If the armature ter- 
minals are short-circuited when the machine is driven as an 
alternator, the current between them will be practically all 
wattless and may be treated as the wattless component of a 
full-load current. By assimiing different wattless currents of 
this nature, both lagging and leading, and calculating the field 
excitations necessary to produce them, the relation between 
field excitation and wattless armature current may be deter- 
mined, and from the data thus found a curve may be plotted. 
This curve will assimie a form that gives it the name V curve, 
as shown for no load in Fig. 7. 

Let 7o= wattless current, in amperes between terminals; 
X= armature reactance, in ohms; 
£m = counter electromotive force per phase, in volts; 
^ = Une voltage; 
I Tin = ampere-turns corresponding' to Em on no-load satura- 
tion curve; 
ITr = total ampere-turns to set up flux corresponding to Em- 

The demagnetizing armature ampere-turns per pole are 
calculated by the formula DITp=.9 fnTppIpku,kp, in 
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which m=»3, 7'„p=9, Ip^-y-- the armature current per phase, 

V3 

fe„ = .96 and the ratio - ^ ^^ = .7, and *p = .81 . Then DITp 
pole pitch 

= .9X3X9X-^;^X.96X.81 = 10.9/.. 

68. The armature reactance for wattless current can be 
calculated as follows: 

Assume any short-circuit current, say 400 amperes, and find 

on the short-circuit characteristic the corresponding excitation, 

5,300 ampere-turns. The demagnetizing ampere-turns are 

D 7 7^=10.9X400=4,360, leaving 940 effective ampere-turns. 

On open circuit 940 ampere-turns would set up 380 volts accord- 

380 
ing to the no-load saturation curve, and X= — = .95 ohm. 

400 

For a power component the reactance is approximately 

50 per cent, greater than thus calculated, and for current with 

a power factor of .35 to .45 the reactance Xo is about 20 per 

cent, greater than calculated for wattless current; that is, 

Xo = 1 .2 X. These statements are based on experimental data. 

69. The counter electromotive force of the motor will be 

greater or less than the applied electromotive force by the quan- 

/ X 
tity -^ , depending on whether motor current leads or lags 

V3 

/ X 
the applied electromotive force. That is, £«=^H — ~ if lo 

V3 

/ X 
leads, and Em = e—-^ if /« lags. Likewise, the total field 

V3 

excitation / Tr required to establish a flux corresponding to Em 
will be / Tr=I Tm+10,9 lo for leading current, and I Tr^I T^ 
— 10.9 lo for lagging current. Different wattless currents 
assimied and the total field excitation for each can now be 
calculated as follows: 

70. The no-load V curve, Fig. 7, is plotted with the coordi- 
nates in the coltimns headed /« and I Tr in Table I. The 



Digitized by 



Google 



§04 



ALTERNATING-CURRENT MACHINES 



35 



abscissa of the lowest point on this curve is the number of 
ampere-tiuTis corresponding to -E«,=2,150 volts, because at this 
point there is no phase displacement and the armature current 
has practically no effect on the field magnetization. If the 
short-circuit current were all wattless, the lowest point on the 

TABLE I 
CALCULATIONS FOB NO-LOAD V CURVE 



/. 




10.9 /. 


Leading Current 


Lagging Current 


£» 


/r» 


ITr 


£. 


/r. 


ITr 


50 

100 

150 

200 


27 

55 

82 

110 


545 
1,090 

1.635 
2,180 


2,177 
2,205 
2,232 
2,260 


6,200 
6,400 

6,550 
6.700 


6,745 
7,490 
8,185 
8,880 


2,123 
2095 
2,068 
2,040 


5.950 
5.800 
5.700 
5.500 


5.405 
4,710 
4.065 
3.320 



no-load V curve would occur where /o=0; but the core loss, 

friction, and windage of the machine, amounting to about 

30 000 

30 kilowatts, causes a power component of — = 4.65, or 

3X2,150 

approximately 5 amperes at no load, which prevents the no-load 

V curve from touching the axis of abscissas. 

71. The curve indicates that for full excitation at low 

power factors from 9,000 to 10,000 ampere-ttims may be 

required. The mean length of a field ttim will be about 

42.5 inches, and at 1 ohm per circular-mil inch the approximate 

sectional area of the field conductor may be found by applying 

formula 2, Art. 44, Design of Alternating-Current Machines, 

^^^ I/TcLfP 10,000X42.5X16 .^^^ . , ., 

Part 2, a = — ^-^ = = 56,700 circular mils, 

e 120 

or .0445 square inch . A copper strip .04 inch thick and 1 J inches 

wide will be wound on edge with 12 mils insulation between 

turns, and there will be room in the 6 inches available space for 

115^ turns per coil. 
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a>u ^ 1^ '4. u ^ 'u u 16X115.5X42.5X.7854 

The field resistance hot will be r= 

.045X10« 

120 

= 1.37 ohms. The field current at 120 volts will be 

1.37 

= 87.6 amperes, the maximum excitation 115.5X87.6 = 10,100 

ampere-tums, and the ratio of the maximum field excitation 

to the gap ampere-tums per pole = 1.94. 

72. A squirrel-cage winding wiU be embedded in slots in 
the pole faces and short-drcuited by rings at the edges of the 
pole faces, as is shown in the Section Altemaiing-Current Motors 
and Synchronous Converters. This winding will increase the 
starting torque and the pull-out torque and will also decrease 
the inclination of the machine to hunt, or periodically increase 
and decrease peripheral speed within narrow limits. 

The squirrel- cage winding is designed like that of an induc- 
tion motor. If this winding is to increase starting torque, the 
pitch of the rotor bars must differ from that of the stator slots 
and must be such that if the bars were evenly distributed over 
the complete cylindrical surface, including the pole faces, the 
number of rotor bars should be prime to the nimiber of stator 
slots, that is, one is the only common factor of the number of 
rotor bars and the number of stator slots. Moreover, the pole 
arc and the number of stator teeth must be so proportioned 
that the nimiber of teeth opposite a pole is the same with the 
pole in any position. 

If the squirrel-cage winding is to act only as a damper to 
prevent hunting, its resistance is made low and the rotor bars 
are placed with the same pitch as the stator slots. This equality 
of pitch minimizes the current in the squirrel-cage winding by 
equalizing the influence of the flux variations caused by the 
stator slots. 

73. In the motor being designed, for example, the pitch 
of the stator slots is -y^t o^ ^ circimiference. Six rotor bars 
will be placed in each pole face with a pitch of yfy of a circimi- 
ference. The pole faces will be so proportioned that nine stator 
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teeth will be opposite each pole face in every position, whether 
the pole center is opposite a tooth or a slot. 

The rotor bars will be round copper rods | inch in diameter; 
they will be riveted at each end to a brass collar, and a short- 
circuiting ring f in.XH ii^- in section will be bolted to each 
collar. In order to reduce the reactance leakage of the squirrel- 
cage winding, openings will be made in the pole face over each 
rotor bar, as shown in the detail sketch, Fig. 6, except over the 
bars nearest the pole tips; here the metal is needed for mechan- 
ical strength. 

74. Sjoichronous motors are usually started by applying 
reduced voltage Eo to the armature winding. The torque 
exerted by the rotor decreases as the speed increases, and fre- 
quently the starting voltage must be increased or the field 
must be excited in order that the motor may pull in to syn- 
chronism. The power factor, cos <^, of the starting current 
/, is low, ranging from .34 to .45 in salient-pole machines and 
from .45 to .6 \ci round rotor machines. 

The starting voltage Eo required for a given starting torque 
can be calculated. The product of the full load, in horsepower, 
and the fractional part of full-load torque that must be exerted 
in starting is the synchronous horsepower H^ equivalent to the 
starting torque. The watts equivalent to this synchronous 
horsepower is 746 //„ and this number equals mEoh cos <^; 

then, /. = -^i^^'_. But 7, = -^^ = -^'^.-; then, ^^ 



m Eo cos 4> Xo 1.2 X 1.2 X 



= — '^^'^ and £0= J ^'"^'"^^^'" -. The product 1.2 



746//. , rr /1.2X746//.X 

— ^ and £o=\/ 

m Eo cos <l> M in cos <l> 



/qoo // 

X 746 = 895.2, or approximately 900, and Eo = x ' 

\ m cos 



X 
m cos 4> 



75. The 800-horsepower motor being designed is specified 
to exert 45 per cent, of full-load torque in starting, or //, = .45 
X 800 = 360 synchronous horsepower. The reactance X=.95 
ohm, m = 3, and the power factor of the starting current will be 
approximately cos <^=.35. Then the starting voltage must 
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be £:,=J ^^^^^^-^^ = 542. The starting current wiU be 
542 



1.2X.95 



=475 amperes in each phase, or ^SX 475 = 822 amperes 



per terminal. The input will be = 772 kilovolt- 

1,000 . 

772 

amperes, which is =1.09 times the normal input. 

^705 

76. During the starting period the armature current causes 
rapid flux changes in the magnetic circuit of a synchronous 
motor. If all the field coils are in series, a voltage E/ will be 
induced in the field circtiit proportional to the product of the 
starting voltage and about half the ratio of the niunber of field 
turns to the number of armature turns. This fractional part, 
one-half, is due to leakage, and to the influence of the squirrel- 
cage winding. The total number of field tiuns is 115.5X16, 
and the number of armature ttuns is .9 m Tpp kw ip /> = .9X3X9 
X.96X.81X16. 

Then, 

Er ^^X^^^-^X^^ =1,660 volts 

2X.9X3X9X.96X.81X16 

It is the usual practice of American engineers to insulate the 
field windings of sjoichronous motors and synchronous con- 
verters according to the rules of the American Institute of 
Electrical Engineers. These rules are that the insulation must 
be capable of withstanding a test of twice the induced voltage 
plus 1,000 volts, and in no case can the test be less than 
1,500 volts. For the motor here being designed, the test should 
be not less than 2X1,660+1,000 = 4,320 volts; probably 5,000 
volts would be used. The induced voltage can be reduced by 
closing the field circuit through a resistance high enough to 
limit the field current to a safe value. In many cases, a field- 
break-up switch is installed; by means of this the field circuit 
can be opened in several places during the starting period. 
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SYNCHRONOUS CONVERTERS 

77. Synchronous converters nearly always operate as 
synchronous motors and deliver direct current, these two func- 
tions being combined in one frame structure. In rare cases 
such a machine may operate inverted, receiving direct-current 
energy and delivering alternating-current energy. 

The essential specifications to which the designer must work 
include the frequency of the alternating current, the voltage 
and rate of direct-current energy flow, and the heating limits. 
The design is closely allied to the design of a direct-current 
generator, with certain limitations for this special service. 
The number of poles must be selected to give a practicable 
speed with the specified frequency as well as with a view to 
keeping the angular space between pole centers large enough 
to obtain ample spacing between adjacent brush-holder studs. 

78. The alternating current per terminal and the voltage 
per phase will bear to the direct current and voltage a fixed 

TABLE II 
CONVERSION FACTORS FOR SYNCHRONOUS CONVERTERS 



System 


Sine Flux 
Distribution 


Pa^P 


P = .75 


Pa-hPp^.7 


Pa^Pp=.6 


Volts 


Am- 
peres 


Volts 


Am- 
peres 


Volts 


Am- 
peres 


Volts 


Am- 
peres 


Three phase. . 
Four phase. .. 
Six phase 


.600 
.490 
■347 


•97 
.73 
.48 


.620 
.500 
.354 


.940 
.707 
.470 


.660 
•530 

•377 


•89 
.67 
•44 


.612 
.500 
.354 


•943 
.707 

.472 



relation, depending on the number of phases, on the flux dis- 
tribution, and to some extent on the ratio of the pole arc Pa 
to the pole pitch Pp. The factors by which to multiply the 
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direct-current volts and amperes in order to obtain the line 
volts and amperes alternating ciurent are given in Table II. 

The factors in the second and third colximn are for any ratio 
of pole arc to pole pitch, provided the pole faces are chamfered 
to give sine flux distribution. All the other factors are for 
machines in which the pole faces are concentric with the arma- 
ture. 



79. As explained in Alternating-Current Motors and Syn^ 
chronous Converters, the heating effect of a given current in a 
polyphase synchronous converter is less than it would be in 
the same machine mechanically driven as a generator. This 
difference is due to the fact that the current in the armature 
winding of a synchronous converter at any instant is the dif- 
ference between the instantaneous values of the alternating 
current and the direct current. Some of the alternating cur- 
rent is commutated and passes into the direct-current circuit 
without traversing any of the armature winding except the 
coils with which the collector rings are connected. The heat- 
ing will therefore be greatest in these tap coils; and the larger 
the number of tap coils, the better will be the heat distribution, 
and the less will be the maximum heating. 

The tap coils lie in slots with other coils in which the loss is 
less and to which some of the heat from the tap coils is con- 
ducted; the maximum heating is therefore less than the 
maximum loss in the tap coils may indicate. To obtain the 
maximum loss in the tap coils and the average loss in all 
the coils at any given current, the loss per coil at the same 
current when the machine is mechanically driven as a generator 
can be multiplied by a factor selected from the following: 



Power Factor 


Three Phase 


Six Phase 


Tap Coil 


Average 

•57 
.70 


Tap Coil 


Average 


loo per cent 

95 per cent 


1.22 

I.90 


.46 
.80 


•27 
.37 
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80. WTien the poles of a synchronous converter are lami- 
nated they must be provided with damper windings to increase 
the operating stability and to prevent himting. These wind- 
ings are designed the same as for synchronous motors. Syn- 
chronous converters that are to be self-starting with alternating 
current are provided with squirrel-cage windings embedded in 
the pole faces the same as on self-starting synchronous motors. 

81. At the given frequency / and speed S in* revolutions per 
minute the ntmiber of poles p — -. The speed and the com- 
mutator diameter must be chosen so that the peripheral velocity 
of the commutator surface will not be over 5,000 feet per 
minute. There must be as many brush-holder studs as there 
are poles, and if d is the distance in inches along the commutator 

surface between adjacent stiids, — represents the commutator 

circumference in feet, and represents the surface velocity 

in feet per minute. When the value of p is substituted in this 
expression and it is placed equal to 5,000, the equation becomes 

= 5,000, or 10 d/= 5,000; then d = — . When the 



12 . ' . J 

frequency is 60, the distance between adjacent brush holders 
cannot be over %\ inches, and it was this difficulty that for- 
merly made impracticable the operation of 60-cycle converters 
to feed railway circuits. The maximum available spacing 
between brush holders was not sufficient to prevent flashing 
over at the voltages and with the heavy load fluctuations com- 
mon to electric-railway circuits. The development of com- 
mutating poles has so improved commutation that such 
machines are now made to operate practically as well as those 
for 25 cycles. 
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